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Examining the Evolution of Phosphagen Kinases: A Study of a Dimeric Arginine Kinase 
From Sea Urchin (Strongylocentrotus purpuratus) Eggs 
 
 
Brenda Held 
 
ABSTRACT 
 
The phosphagen kinases are a family of enzymes that catalyze the reversible 
phosphorylation of specific phosphagens using ATP as the phosphate donor.  The 
evolutionary relationships between the enzymes in this family have been studied for over 
30 years and yet aspects of the relationships remain unclear.  Here, arginine kinase from 
Strongylocentrotus purpuratus eggs was purified to homogeneity and analyzed for 
physical and kinetic characteristics as well as its sequence homology with other 
phosphagen kinases.  The results indicate that dimeric arginine kinase from S. purpuratus 
eggs evolved from a dimeric creatine kinase after dimeric creatine kinase evolved from a 
monomeric arginine kinase.  The molecular weight/subunit composition and sequence of 
dimeric arginine kinase from S. purpuratus eggs is more comparable with dimeric 
creatine kinases than monomeric arginine kinases.  However, the kinetic characteristics 
of dimeric arginine kinase from S. purpuratus eggs, including the absence of substrate 
cooperativity, are more comparable with other arginine kinases than creatine kinases.  
These results indicate a unique evolution for the dimeric arginine kinase, as well as the 
importance sequence composition can have on the three dimensional structure of an 
enzyme and its kinetic characteristics. 
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Chapter 1: Introduction 
 
Background  
The phosphagen kinases are a family of enzymes which catalyze the reversible 
phosphorylation of a guanidino compound (such as arginine or creatine) from ATP.  
These enzymes are found throughout both vertebrate and invertebrate species (Watts, 
1973; Morrison, 1973).  The distribution of these enzymes within the vertebrates and 
invertebrates is interesting.  In vertebrates the phosphagen kinase found almost 
exclusively is creatine kinase.  The reaction catalyzed by creatine kinase is: 
 
Creatine + MgATP 
 
 Creatine-Phosphate + MgADP + H
+ 
 
 
The invertebrates, however, have a wider variety of phosphagen kinases.  The most 
common phosphagen kinase found in invertebrates is arginine kinase, which catalyzes the 
reaction: 
 
Arginine + MgATP 
 
 Arginine-Phosphate + MgADP + H
+
 
 
 
The presence of creatine kinase, as well as four other phosphagen kinases (lombricine 
kinase, glycocyamine kinase, taurocyamine kinase, and hypotaurocyamine kinase), has 
also been found in invertebrates.   
 The phosphagen kinases are thought to function in a few distinct ways.  The most 
classic view of the physiological function of the phosphagen kinases is as a “temporal 
 2 
ATP buffer” (Meyer et al., 1984).  This means that the phosphagen kinases function to 
minimize the changes in 
 
GATP/ADP levels due to ATP hydrolysis or synthesis caused by 
glycolysis or mitochondrial oxidation (Ellington, 2001).  Another possible role of the 
phosphagen kinases is in inorganic phosphate and proton buffering (Ellington, 2001).  
This type of functionality would occur during glycogenolysis when protons accumulate 
and inorganic phosphate acts as an effective buffer.  The most controversial functionality 
associated with the phosphagen kinases is that of intracellular energy transport.  This 
theory suggests that the majority of high-energy phosphate in the cell is transported as 
creatine~phosphate and not as ATP, which has been termed “spatial ATP buffering” 
(Meyer et al., 1984).  The fourth functionality is signal transfer within or along a cell 
(Ellington, 2001).  This functionality is generally assigned to the large creatine kinases 
found in the sperm of a variety of species. 
 While the phosphagen kinases may share common functions, they differ in their 
quaternary structure.  The creatine kinases are almost exclusively found as dimeric 
molecules (two polypeptide chains associated with each other but the association not 
necessarily essential for catalysis).  The exceptions to this rule are large multimeric forms 
of CK found most commonly in the sperm of different species.  The arginine kinases, on 
the other hand, are found as monomeric proteins, both large and small, and as dimeric 
proteins.  Most insect arginine kinases are found as monomers of 40 kDa.  The bivalves 
are commonly found to contain large monomers of 80 kDa, leading some of them to be 
first characterized as dimers based on their molecular weight.  The echinoderms are often 
found with dimeric molecules of 80 kDa, similar to those of CK.  The significance of the 
 3 
dimeric state for CK or AK has yet to be determined.  The comparison of the physical 
and structural features of monomeric and dimeric AK with dimeric CK could lead to a 
better understanding of why or how dimerization occurred.   
 The evolutionary relationship between each of the phosphagen kinases could help 
to explain the similarities seen in functionality and the differences seen in quaternary 
structure.  The similarities in the sequence and function of the phosphagen kinases clearly 
indicate that these enzymes must have evolved from a common ancestor.  However, the 
difference in quaternary structure and distribution of the phosphagen kinases points to 
more than one evolutionary path.  The determination of which enzymes in the 
phosphagen kinase family share a common evolutionary path can help in determining the 
significance of the similarities and differences found throughout the phosphagen kinases. 
 
Evolution 
The evolutionary relationship between the phosphagen kinases is complex.  
Originally, with the finding of creatine kinase in vertebrates and arginine kinase in 
invertebrates, it was thought that creatine kinase was the most recent evolutionary 
outcome, with arginine kinase being more closely related to some primordial kinase than 
creatine kinase (Moreland & Watts, 1967).   
  Primordial AK  Arginine Kinase  Creatine Kinase 
 
 
In 1975, Anosike et al, investigated the relationship between monomeric and dimeric 
arginine kinases.  Their research indicated that the arginine kinases may have evolved 
more than once in the overall evolution of the phosphagen kinases.  The appearance of 
substrate cooperativity in the honey bee, sea cucumber (Holothuria), and mammalian 
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creatine kinases lead Anosike et al. (1975) to propose that arginine kinase had evolved 
more than once.  Both the honey bee and the see cucumber are later evolutionary 
outcomes suggesting that cooperativity is a late feature of the phosphagen kinases, since 
cooperativity was not found in the crab, crayfish, or annelid worm.  This proposal 
however did not affect the overall evolutionary scheme in which creatine kinase is the 
most recent evolutionary outcome.   
Ratto et al. (1989) investigated the evolution of phosphagen kinases in 
Echinoderms.  The discovery that all the echinoderms, studied until that point, contained 
only arginine kinase in their eggs and creatine kinase in their sperm (Moreland et al., 
1967), led Ratto et al. to propose that the evolution of the phosphagen kinases in the 
Echinoderms was different from any other phylum.  A possible explanation proposed for 
the occurrence of two different phosphagen kinase systems in one species was that the 
Echinoderms were currently in the process of changing from one system to the other.  
This would make the echinoderms a kind of evolutionary snapshot of a changing system.  
These findings indicated that there was now another possibility for the evolution of the 
phosphagen kinases.  As previously suggested, the phosphagen kinases could have 
evolved from a single metazoan phosphagen kinase, or that both activities (AK and CK) 
were present in the common ancestor before the divergence between protosomians and 
deuterostomians (Ratto et al., 1989).  If the latter is in fact the case, this would mean that 
the creatine kinases are not the most recent outcome of phosphagen kinase evolution. 
As the sequences of several creatine kinase, arginine kinase, and glycocyamine 
kinase genes became known, the investigation into the evolution of the phosphagen 
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kinases had a new method of analysis.  In 1994, Suzuki and Furukohri compared the 
sequences of CK, AK, and GK.  From this study they determined that GK and CK were 
more closely related than CK and AK.  This was consistent with the subunit structure of 
the sequences they were investigating.  The CK and GK sequences were both dimeric 
sequences, while the AK sequences were monomeric.  Suzuki and Furukohri (1994) also 
pointed out that although AK is the most widely distributed of the phosphagen kinases, 
that distribution does not necessarily imply that AK is more closely related to the 
ancestral phosphagen kinase than the other phosphagen kinases. 
While the subunit structure of most arginine kinases is a monomer, the subunit 
structure of arginine kinase from echinoderms is a dimer.  The question of whether the 
sequence homology between these arginine kinases and CK would be more closely 
related to each other than the monomeric arginine kinases or whether the homology 
between the monomeric arginine kinases and dimeric arginine kinases would be closer 
was answered through analysis of several phosphagen kinase sequences.   Suzuki et al., 
(1999) purified and sequenced a dimeric arginine kinase from a sea cucumber and 
compared that sequence with known CK and AK sequences.  The comparison showed 
that the dimeric AK sequence was in fact more homologous to the creatine kinases than 
to the monomeric arginine kinases.  Suzuki et al. (1999), therefore proposed that arginine 
kinase must have evolved twice.  From a primordial phosphagen kinase, two separate 
genes evolved, one for arginine kinase and one for creatine kinase.  From the ancestral 
creatine kinase genes evolved the modern creatine kinase, the dimeric arginine kinases, 
and the glycocyamine kinases.  From the original arginine kinase gene evolved the 
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modern arginine kinases found in invertebrates.  Further investigations by Suzuki et al, 
(2000) supported the proposal that arginine kinase did in fact evolve twice.  From a more 
thorough investigation into the sequence of the dimeric AK from the sea cucumber, it 
was determined that the splice junctions for the dimeric AK were the same as those found 
in human creatine kinase.  However, a region within the dimeric arginine kinase is the 
same as that of the monomeric arginine kinase.  This region is the guanidine specificity 
(GS) region of the protein (Suzuki, 1999).  The exact mode by which the conversion of 
the GS region occurred for the dimeric AK from CK is not known, although two 
possibilities have been investigated: exon shuffling and convergent evolution.  The exon 
shuffling hypothesis seems more likely since in order for the convergent evolution 
hypothesis to be valid, multiple mutations would have to accumulate in exon 2, which is 
where the GS region is located (Suzuki, 2000).  However, exon shuffling alone does not 
account for the conversion of susbstrate specificity in the dimeric arginine kinase.  The 
exact mode of conversion therefore is currently not known. 
As early as 1957 it was reported that creatine kinase was found in sponges (Roche 
et al., 1957).  In an evolutionary tree, sponges are of a more ancient origin than any of the 
species previously studied in regards to phosphagen kinase evolution.  In 2000, Ellington 
confirmed the presence of creatine kinase in the sponge.  Ellington’s investigation 
revealed that the creatine kinase found in the sponge was a dimer and concluded that CK 
evolved earlier than previously thought, possibly at the radiation of the metazoa.  It is 
important to note that AK is present in most sponges and has been shown to be a 
monomer in at least one of those species (Robin and Guillou, 1980).  The presence of 
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arginine kinase in the flagellate protozoan Trypanosoma cruzi (Pereira et al., 2000) and 
Paramecium caudatum (Noguchi et al., 2001) indicates that arginine kinase evolved 
before multicellular animals (Perovic-Ottstadt et al., 2005).  However, it should be noted 
that arthropods are accepted as one of the first hosts for the trypansomatid parasites, and 
thus some form of horizontal genetic transfer between the arthropods and the 
trypansomatids may have occurred (Pereira et al., 2000). 
When combining all of this information, we conclude the evolution of the 
phosphagen kinases is more complex than originally thought.  The original proposal: 
Primordial AK  Arginine Kinase  Creatine Kinase 
is not sufficient to explain the evolution of the phosphagen kinases.  Another proposal is 
needed, one which takes into account all of the information gathered to date. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Possible Evolutionary Scheme for the phosphagen kinases 
Relationships based on information available in the literature. 
 
 
Sequences 
 The extent of sequence homology is a characteristic of proteins, which can be 
used to help analyze relationships in enzyme families.  The phosphagen kinases can be 
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analyzed in this way to help determine how arginine and creatine kinases are related.  The 
first arginine kinases to be sequenced were done by Suzuki and Furukohri in 1994.  Two 
monomers, Neanthes diversicolor and Penaeus japonicus, were sequenced.  Once the 
sequence was available, Suzuki and Furukohri (1994) aligned these sequences with other 
CK and GK sequences.  As expected, vertebrate CK sequences had a high sequence 
homology (80-90%) with each other.  The invertebrate CK sequences were at between 
60-70% homologous with vertebrate creatine kinases.  The monomeric AK sequences 
from Neanthes diversicolor and Penaeus japonicus showed only 36-43% homology with 
the CK sequences used.  It is interesting to note that when Suzuki and Furukohri (1994) 
compared the two monomeric AK sequences they observed only 51% homology.  The 
homology between the CK and AK sequences aligned is clear evidence that these 
proteins share a common ancestral protein.  The alignments also revealed that there was a 
highly conserved block found in all three types of phosphagen kinases.  This block was 
15 amino acids long and some of these amino acids match with tryptophans and 
histidines known to be used in ATP binding and possible general acid/base catalysis, 
respectively (Suzuki and Furukohri, 1994). 
 The suggestion that arginine kinase itself evolved twice was based on sequence 
comparisons between CK, monomeric AK, and dimeric AK.  Suzuki et al., (1999) 
sequenced the arginine kinase gene from the sea cucumber, Stichopus japonicus.  Unlike 
previous AK genes sequenced, the AK from the sea cucumber is dimeric.  When aligned 
with available CK, GK, lombricine kinase (LK), and AK sequences, the sea cucumber 
sequence was found to be more homologous to CK than to AK (~60% and ~40% 
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respectively) (Suzuki et al., 1999).  Figures 2 and 3 show the alignment of dimeric AK 
with creatine kinases and other arginine kinases.  Further analysis of the sea cucumber 
AK gene showed that the gene contained six introns and seven exons, with the splice 
junctions conserved in the same positions as in human creatine kinase (Suzuki et al., 
2000).  The intron/exon junctions for the AK genes of Anthopleura japonicus and 
Pseudocardium sachalinesis were also investigated by Suzuki and Yamamoto (2000).  
Both the Anthopleura and Pseudocardium arginine kinases have a two domain structure.  
It was found that the Anthopleura gene had a total of 3 introns and 4 exons, while the 
Pseudocardium gene had 9 introns and 10 exons (Suzuki and Yamamoto, 2000).  In both 
species there is a “bridge intron”, which spans the two domains of the AK gene.  Suzuki 
and Yamamoto (2000) also compared the Anthopleura and Pseudocardium AK genes 
with the AK gene from the C. elegans.  There were no intron/exon sites conserved 
throughout all the AK genes. The conservation of the exon/intron organization in dimeric 
AK from the sea cucumber and dimeric CK is another indication that dimeric arginine 
kinase did in fact evolve from dimeric creatine kinase.  Despite the similarity in sequence 
and exon/intron organization, dimeric AK from the sea cucumber is specific for arginine.  
The structure of the guanidine specificity (GS) region is therefore of great importance.   
The GS region is a span of approximately 20 amino acids that appears to have 
changes in deletions and insertions depending on the guanidine substrate used (Suzuki et 
al. 1997).  In Lombricine Kinase (LK) and AK there is a five amino acid deletion (which 
may be due to the fact that lombricine and arginine are relatively large), in CK there is a 
one amino acid deletion, and in GK there is no deletion found (Suzuki et al. 1997).  The 
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deletion size for the sea cucumber AK, five amino acids, is the same size as for the 
lombricine kinases and arginine kinases (Suzuki et al., 1999).  Since S. japonicus AK is 
thought to have evolved from a CK, the acquisition of AK activity must be tied to the 
deletion in the GS region (Suzuki et al., 1999). 
Figure 2:  Alignment of Dimeric AK against Representative CK enzymes 
Red: Guanidino Specificity Region; Green: Amino acids indicated in nucleotide binding; 
Blue: Amino acids indicated in arginine binding; Pink: Amino acids indicated in creatine 
binding.Sequences used: Danio- gi|18858427|; Sea Urchin Sperm- gi|125302|; Sea 
Cucumber- gi|4586462|; Cnidarian - gi|110083395|. 
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 12 
 
Figure 3: Alignment of Dimeric AK against Representative AK enzymes 
Red: Guanidino Specificity Region; Green: Amino acids indicated in neucleotide 
binding; Blue: Amino acids indicated in arginine binding; Pink: Amino acids indicated in 
creatine binding.  Sequences used: Sea Cucumber- gi|4586462|; Honey Bee- 
gi|58585146|; Cockroach- gi|86160922|; Porifera- gi|66862284|; Protozoan- gi|3831705|; 
Cnidarian- gi|2554612|; Nematode- gi|31247902|; Snail- gi|439719|; Mollesca- 
gi|71834059|; Bivalve- gi|44885729|; Mosquito CK- gi|94468822|. 
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The Asp
62
 residue (numbering from the Limulus AK sequence (Strong and 
Ellington, 1995)), which is found in the GS region is thought to play a role in substrate 
specificity (Suzuki et al., 1998).  This Asp
62
 residue is conserved only in the arginine 
kinases and not in the creatine kinases (in CK it is a conserved Gly
62
 residue).  It is 
important to note that the X-ray crystal structure of the horseshoe crab (Limulus) AK 
obtained containing a transition state analog does not identify the Asp
62
 residue with 
arginine binding (Suzuki et al., 2000).  The structure does identify several amino acids 
that appear to be used in substrate binding for arginine and ADP (Zhou et al., 1998).  The 
arginine binding amino acids were identified as Ser
105
, Gly
106
, Val
107
, Tyr
110
, Glu
274
, 
Cys
320
, and Glu
363
, and the ADP binding amino acids were Arg
172
, Arg
174
, Arg
278
, Arg
329
, 
and Arg
358
 (Figure 4).  A comparison of several one and two-domain monomeric arginine 
kinase sequences, showed that these amino acids seemed to be highly conserved 
throughout the AK genes (Uda et al., 2006).  There are also four other conserved residues 
identified in the Limulus AK crystal structure.  These residues, Ser
63
, Gly
64
, Val
65
, and 
Tyr
68
, are found in the GS region and appear to be involved in substrate binding (Zhou et 
al., 1998).  However, these residues are not conserved in the sea cucumber AK from 
Stichopus (Suzuki et al., 2000).  The binding system for the sea cucumber AK must be 
different and Suzuki et al. (2000) proposed that the His
64
 may function in the same 
manner as the Tyr
68
. 
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Figure 4:  Arginine and ADP Binding Sites for Arginine Kinase From Limulus. 
A:  Interactions of arginine with arginine kinase in the transition state analog from 
Limulus.  B:  Superimposed active site structures of arginine and creatine kinase in 
arginine kinase from Limulus.  C: Interactions of ADP with arginine kinase in the 
transition state analog from Limulus.  (Figures A and B were obtained from, “The role of 
phosphagen specificity loops in arginine kinase.”  Azzi, et al., 2004.) 
 
Physical Characteristics and Kinetic Constants 
The common ancestral phosphagen kinase supports the idea that the physical and 
kinetic characteristics of the phosphagen kinases should be similar in several respects.  
On the other hand, differences in sequence, quaternary structure, and specificity  support 
the idea that the physical and kinetic characteristics of the phosphagen kinases should 
exhibit significant differences.  The similarities and differences in these types of 
characteristics can help in determining the relationship between phosphagen kinases and 
the biological significance of certain aspects of these enzymes (i.e. quaternary structure, 
synergism, etc.). 
A 
B 
C 
Substrate 
ADP 
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Quaternary Sturcture  
One physical characteristic that is easily distinguished is the quaternary structure 
of the enzyme.  The phosphagen kinases are generally found as either monomers (~40 
kDa) or dimers (~80kDa).  There are however some exceptions.  There is a large 
multimeric CK found in the sperm of species such as the sea urchin, Strongylocentrotus 
purpuratus, which is a fusion of three complete CK domains (Tombes & Shapiro, 1985 & 
Tombes et al., 1987).  Another exception is the mitochondrial forms of CK which have 
been found to be large homo-octamers (Wyss et al., 1992).  However, the majority of CK 
enzymes occur as dimers (Watts, 1973).  Arginine kinases also have several different 
subunit relationships.  The majority of arginine kinases tested have been found to be 
monomers of 40 kDa (Morrison, 1973).  However, arginine kinases from the 
echinoderms have been found to be dimeric, having a molecular weight of ~80kDa (Seals 
& Grossman, 1988; Ratto & Christen, 1988; Guo et al., 2003).  An unusual monomeric 
AK with a molecular weight of ~80 kDa (instead of the normal ~40 kDa for monomeric 
enzymes) has been found in several clams (Suzuki et al., 1998; Suzuki & Yamamoto, 
2000; Suzuki et al., 2002) and a sea anemone (Suzuki & Yamamoto, 2000).  The dimeric 
arginine kinases are thought to have evolved from dimeric CK, which would explain their 
similarity in quaternary structure, and the large monomeric arginine kinases found in the 
clam are thought to be the result of gene duplication (Suzuki & Yamamoto, 2000). 
pH Optima 
 The pH optima for an enzyme is a characteristic which can provide information 
on the structure of the active site.  The amino acids which make up the active site will be 
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affected by the pH of the surrounding solvent according to their pKa values.  For creatine 
kinase the pH optima in the forward direction (formation of phosphocreatine) shows a 
broad optimum between 7.5 and 9.5, while the reverse reaction (formation of ATP) 
shows a lower optimum ~6.5-7.0 (Watts, 1973).  Arginine kinase has been found to have 
a pH optima in the forward reaction (formation of phosphoarginine) between 8.4-9.1 and 
between 6.6-7.2 for the reverse reaction (formation of ATP) (Morrison, 1973).  The pH 
optima for shrimp, Penaeus aztecus, AK is 8.5 for the forward reaction and ~6.0 for the 
reverse reaction (France et al., 1997).  A dimeric AK from the sea cucumber, Caudina 
arenicola, has a forward pH optima of 7.9 (Seals & Grossman, 1988).  
 
Table1:  pH optima for various AK and CK enzymes. 
Species 
Forward pH 
Optima 
Reverse pH Optima Reference 
Shrimp AK  
(Penaeus aztecus) 
8.5 6.2 France et al., 1997 
Cockroach AK 
(Periplaneta americana) 
8.5 7.0 Brown et al., 2004 
Sea Cucumber AK 
(Caudina arenicola) 
7.9  
Seals & Grossman, 
1988 
Sea Cucumber AK 
(Isostychopus 
badonotus) 
8.0 6.0 
Wright-Weber 
(unpublished data) 
Chicken Muscle CK  ~6.8 Watts, 1973 
Chicken Brain CK  ~6.8 Watts, 1973 
Rabbit Muscle CK 7.5-9.5 ~5.0-5.5 Watts, 1973 
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Temperature Stability 
 The temperature stability for creatine kinase is variable.  Grossman and Mollo 
(1979) showed that human creatine kinase MM was more thermally  stable than monkey 
creatine kinase MB or BB after heating for 10 min.  Human creatine kinase MM retained 
50% of its activity at ~60
o
C, while monkey creatine kinase MB and BB retained 50% of 
their activity at ~52
o
C and ~50
o
C respectively.  The thermal stability for arginine kinase 
also shows variation from species to species.  The AK from cockroach, Periplaneta 
americana, is quite thermally stable with 50% activity remaining at 50
o
C after heating for 
10 minutes (Brown et al, 2004).  On the other end of the spectrum, the AK from sea 
urchin, Paracentrotus lividus, is not very heat stable losing 50% of its activity after being 
maintained for 10 min at ~20
o
C (Ratto & Christen, 1988).  The variation in thermal 
stability throughout the phosphagen kinases suggests that thermal stability may be more 
affected by environmental factors than sequence composition or three dimensional 
structure.  For example, the sea urchin lives in a much colder climate than the cockroach 
and the heat stability of the sea urchin is considerably less than that of the cockroach. 
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Table 2: Temperature Stability of various AK and CK enzymes 
Species 
Temperature (
o
C) for 50% 
activity after 10 min of 
heating 
Reference 
Monkey CK-MM ~60 Grossman & Mollo, 1979 
Monkey CK-BB ~50 Grossman & Mollo, 1979 
Human CK-MB ~52 Grossman & Mollo, 1979 
Cockroach AK 
(Periplaneta americana) 
~50 Brown et al., 2004 
Shrimp 
(Penaeus aztecus) 
~37 France et al., 1997 
Sea Cucumber AK 
(Caudina arenicola) 
~38 Seals & Grossman, 1988 
Sea Urchin Eggs AK 
(Paracentrotus lividus) 
~20 Ratto & Christen, 1988 
Sea Cucumber AK 
(Isostychopus badonotus) 
~50 Wright-Weber et al., 2006 
 
Isoelectric point 
 The isoelectric point (pI) of an enzyme is in part the result of the charges 
associated with the amino acid side chains.  Both sequence composition and three 
dimensional structure play a role in the value of the pI.  Because of the influence of 
several factors such as differences in amino acid sequence, differences in solvent exposed 
amino acids, etc., the isoelectric points for AK and CK are somewhat variable.  
Monomeric arginine kinases tend to have a more acidic pI than dimeric arginine kinases.  
The pI for the American cockroach AK is 5.8 (Wright-Weber et al., 2006), and the pI for 
the lobster AK is 5.4 (Virden et al., 1965).  On the other hand, dimeric AK from the sea 
cucumber, Caudina arenicola, was found to be 7.8 (Seals & Grossman, 1988).  This 
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general trend of monomeric enzymes exhibiting a more acidic isoelectric point than 
dimers however, is inconsistent for CK.  The three isozymes of CK (MM, BB, and MB) 
have significantly different isoelectric points.  The isoelectric point for the BB isozyme is 
4.8, while the MM isozyme has a pI of 6.9 (Grossman & Mollo, 1979).  The differences 
in pI are thought to be due to the addition of several basic amino acids in the muscle form 
and conformational differences. 
 
Table 3: Isoelectric points of various AK and CK enzymes 
Species pI Reference 
Cockroach AK (Periplaneta americana) 5.8 Wright-Weber et al., 2006 
Locust AK  (Migratoria manilensis) 6.3 Li et al., 2006 
Sea Cucumber (Caudina arenicola) 7.8 Seals & Grossman, 1988 
Lobster AK 5.4 Virden et al., 1965 
Monkey CK-MM 6.9 Grossman & Mollo, 1979 
Monkey CK-BB 4.8 Grossman & Mollo, 1979 
 
Immunogenic Cross-Reactivity 
 Immunogenic cross-reactivity can help in determining similarities in both 
sequence and the three dimensional structure of an enzyme.  Since antibodies recognize 
specific types of epitopes (made up of amino acids in a given three dimensional 
structure), enzymes which share cross-reactivity due to certain antigenic regions can be 
assumed to have similar epitopes.  As stated previously, those epitopes must be in the 
similar three dimensional structure and contain the similar amino acids.   
There are two main types of antibodies that can be made against a specific 
antigen.  The first is a polyclonal antibody which recognizes more than one specific type 
 20 
of epitope.  The second is a monoclonal antibody which is specific to a single epitope.  A 
monoclonal antibody would therefore be more specific than a polyclonal, although both 
can give information about similarities between enzymes.  An exhaustive study done by 
Wright-Weber et al. (2006) showed that a polyclonal antibody from the sea cucumber, 
Isostychopus badonotus, showed a positive reaction with large two domain monomers 
and dimeric creatine kinases and arginine kinases; however, it did not show a positive 
reaction with monomeric enzymes or multimeric enzymes.  These results suggest that the 
three dimensional structure found in the epitopes of dimeric or large monomeric creatine 
kinases and arginine kinases are more similar than those of monomeric arginine kinases 
or multimeric enzymes. 
 
Synergism 
 In bi-substrate reactions there is the possibility of a kinetic feature referred to as 
synergism.  Synergistic substrate binding occurs when the binding of one substrate 
influences the binding of the other substrate.  There can be both positive and negative 
synergism, in which the binding of the first substrate enhances the binding of the second 
substrate called positive synergism, or where the binding of one substrate decreases the 
binding of the other substrate called negative synergism.  Synergism is defined as the 
ratio between the KM for the binary complex divided by the KM for the ternary complex.  
Synergism appears to be variable in the arginine kinases.  For example, AK from the 
monomeric American cockroach does not show any significant synergism (Brown & 
Grossman, 2004) while monomeric AK from the lobster shows a significant degree of 
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synergism (Virden et al., 1965).  Anosike et al. (1975) showed synergism in the forward 
reaction for the dimeric AK from the sea cucumber, Holothuria forskali.  Most of the 
creatine kinases tested have shown some degree of synergism (Watts, 1973; Chen et al., 
1996; Jacobs & Kuby, 1970) although there are cases (CK mutants) where synergism has 
not been detected (Chen et al., 1996).  A recombinant monomeric version of rabbit CK 
did not show the synergism typical of the wild-type enzyme (Cox et al., 2003).  Mutants 
of dimeric rabbit CK also did not show synergism (Chen et al., 1996) and Gray et al. 
(1986) did not observe significant synergism in CK from the nurse shark, Ginglymostoma 
cirratum.  It has been suggested (Hornemann et al., 2000) that this form of cooperativity 
is associated with subunit-subunit interaction, therefore giving significance to the dimeric 
state.  Therefore, examining this type of cooperativity in dimeric AK would be 
interesting. 
 
Kinetic Constants 
 Synergism is the ratio between the KM for the binary complex divided by the KM 
for the ternary complex.  In order to determine this characteristic, the binding constants 
must first be determined.  The phosphagen kinases catalyze a reversible, bisubstrate 
reaction.  In unimoleuclar reactions, the Michaelis constant termed, KM, identifies how 
well the substrate binds to the enzyme.  The lower the KM, the tighter the substrate binds.  
Therefore, a low KM often indicates greater catalytic efficiency and often greater 
substrate specificity when investigating enzyme kinetics.  In bisubstrate reactions, there 
does not exist a single KM for the reaction.  Instead, for a given substrate, there are two 
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different KM values associated with the reaction.  The first is the intrinsic KM, which is 
the KM associated with the binary complex.  In the case of arginine kinase, the binary 
complex would be the enzyme bound with one substrate (arginine, ATP, 
phosphoarginine, or ADP).  The second value is the apparent KM, which is associated 
with the ternary enzyme complex.  The ternary complex for arginine kinase would consist 
of both substrates bound to the enzyme (arginine and ATP or phosphoarginine and ADP).  
For creatine kinase from the rabbit muscle, the intrinsic KM for ATP was found to be 1.2 
mM and the apparent KM for ATP was found to be 0.48 mM (Morrison & James, 1965), 
while creatine kinase from the ox has an intrinsic KM for ATP of 0.97 mM and an 
apparent KM for ATP of 0.78 mM (Watts, 1973).  A later study of creatine kinase from 
rabbit muscle found an intrinsic KM for ATP of 0.71 mM and apparent KM for ATP of 
0.25 mM (Chen et al., 1996).  The difference in the KM values for ATP in the rabbit 
muscle between the two studies could be accounted for by assay differences; Chen et al. 
(1996) used the pH stat method, while Morrison & James (1965) used the method of 
determination of inorganic phosphate.  The substrate concentrations used in determining 
the kinetic constants were also different between the two experiments.  Chen et al. (1996) 
used creatine concentrations from 2.0 mM -100 mM and ATP concentrations from 0.4 
mM -10.0 mM, while Morrison & James (1965) had creatine concentrations between 0.8 
mM and 30.0 mM and ATP concentrations between 0.8 mM and 4.0 mM.  The reason the 
concentrations between the experiments were different was not explained, although the 
differences in assay could be one of the reasons.  Arginine kinase from the American 
cockroach has an intrinsic KM for ATP of 0.17 mM and an apparent KM for ATP of 0.14 
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mM (Brown & Grossman, 2004).  The sea cucumber, Holothuria forskali, AK has an 
intrinsic KM for ATP of 3.04 mM and an apparent KM for ATP of 0.57 mM (Anosike et 
al., 1975).  The wide range of KM values for arginine kinase could be species specific.  
The different assays used in generating the kinetic constants for the phosphagen kinases 
do seem to have some effect on the results although the results are often quite comparable 
as well.  The concentrations used in determining the kinetic constants for the AK 
enzymes also vary.  Brown and Grossman (2004) used concentrations for ATP of 0.033 
mM – 0.25 mM and concentrations for Arg of 0.17 mM -2.5 mM.  Anosike et al. (1975) 
used ATP concentrations of 0.25 mM – 2.0 mM and Arg concentrations of 0.25 mM -2.0 
mM.    Despite the inconsistencies, a general trend can be seen.  The KM values for the 
phosphagen for AK and CK seem to be quite different.  The AK KM values for arginine 
are lower than those for creatine in CK.  The lower KM values for specific species may 
indicate that the phosphagen kinase for that species plays a greater role than in species 
with higher values.  For example, the muscle contraction of the American cockroach is 
likely more rapid than that of the sea cucumber.  This could explain why the cockroach 
values are considerably lower than the sea cucumber values. 
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Table 4: Kinetic Constants for various AK and CK enzymes in the forward direction. 
Species 
Intrinsic 
KM ATP 
Apparent 
KM  ATP 
Intrinsic KM 
Arg or Cre 
Apparent KM 
Arg or Cre 
Reference 
Cockroach AK 
(Periplaneta 
americana) 
0.17 0.14 0.45 0.49 
Brown & Grossman, 
2004 
Locust AK 
(Migratoria 
manilensis) 
0.94  1.29  Li et al., 2006 
Oyster AK 
(Crassostrea) 
2.26 0.82 4.02 0.35 Fujimoto et al., 2005 
Sea Cucumber 
AK 
(H.forskali) 
3.04 0.57 2.0 0.27 Anosike et al., 1975 
Sea Cucumber 
AK 
(C.arenicola) 
1.31 1.6 0.5 1.7 
Seals & Grossman, 
1988 
Recombinant 
Rabbit 
CK-MM 
0.90 
0.71 
0.81 
0.25 
8.3 
24.4 
7.5 
8.61 
Edmiston et al., 
2001 
Chen et al., 1996 
Chicken 
CK-BB 
3.26 0.33 45.6 4.63 
Hornemann et al., 
2000 
Ox CK-MM 0.97 0.78 53.0 21.0 Watts, 1973 
Rabbit 
CK-MM 
1.2 0.48 15.6 6.1 
Morrison & James, 
1965 
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Table 5: Kinetic constants for various AK and CK enzymes in the reverse direction 
Species 
Intrinsic 
KM ADP 
Apparent 
KM  ADP 
Intrinsic KM 
Arg~P or 
Cre~P 
Apparent 
KM Arg~P 
or Cre~P 
Reference 
 Cockroach AK 
(Periplaneta 
americana) 
0.12 0.09 1.00 0.94 
Brown &Grossman, 
2004 
Sea Urchin 
Eggs 
(Paracentrotus 
lividus) 
1.25  2.08  
Ratto & Christen, 
1988 
Rabbit CK-MM 0.17 0.05 8.6 2.9 
Morrison & James, 
1965 
Ox CK-MM 0.17 0.09 45.0 23.0 Watts, 1973 
 
 The Vmax is another kinetic constant which is often used in describing kinetic 
features of an enzyme.  The Vmax indicates the fastest rate at which the enzyme can 
convert substrate to product.  The Vmax is also important because it is needed to calculate 
the kcat value.  The kcat is the catalytic efficiency of the enzyme.  It is most simply 
described as the Vmax divided by the total enzyme concentration.  This value, kcat, 
determines the number of reaction processes (conversion of substrate to product) a single 
active site does per unit time.  The units for kcat are therefore sec
-1
.  The larger the value 
of kcat the more efficient the enzyme.  Recombinant creatine kinase from the rabbit 
muscle has a kcat of 97.8 sec
-1
 for the forward reaction (Chen et al., 1996) and brain CK 
from the calf shows a kcat of 250 sec
-1
 for the forward reaction (Jacobs & Kuby, 1970).  
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For arginine kinase from the locust, the forward reaction has a kcat of 162.8 sec
-1
(Li et al., 
2006).  Recombinant oyster AK has a kcat of 47.5 sec
-1
 for the forward reaction (Fujimoto 
et al., 2005).  Although the kcat values for the arginine kinases vary, the kcat/KM ratios are 
similar suggesting that catalytic efficiency is not widely variable. 
 
Table 6: Catalytic Efficiency for various CK and AK enzymes. 
Species kcat sec
-1 
Reference 
Locust AK  
(Migratoria manilensis) 
162.8 Li et al., 2006 
Oyster AK 
(Crassostrea) 
47.5 Fujimoto et al., 2005 
Clam AK 
(Corbicula japonica) 
73.3 Suzuki et al., 2003* 
Calf CK-BB 250 Jacobs & Kuby, 1970 
Rabbit CK-MM 
97.8 
104 
Chen et al., 1996 
Edmiston et al., 2001 
 
 
Mechanism 
Early studies of arginine kinase were conflicting as to the exact catalytic 
mechanism.  Work by Uhr et al., (1966) suggested the mechanism for arginine kinase 
proceeded through a phosphorylated enzyme intermediate in a ping-pong mechanism.  
This type of mechanism would have been different than other phosphagen kinases, such 
as creatine kinase, which follow a rapid-random equilibrium mechanism.  However, 
reinvestigation of the data by Uhr et al., (1966) revealed that the phosphorylated 
intermediate first seen was not on the main reaction pathway (Smith and Morrison, 
1969).  Subsequent investigations (O’Sullivan et al., 1969, Roustan et al., 1971, and 
Blethen, 1972) indicated that arginine kinase did indeed follow a rapid-random 
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equilibrium mechanism.  In such a mechanism the conversion of the ternary complex into 
the product is the rate limiting step.  There is no order to the binding of substrates but the 
binding of one substrate may influence the binding of the second substrate, through a 
type of cooperativity termed synergism.  However, it is important to note that the work of 
Roustan et al. (1971) and Smith and Morrison (1969) showed that arginine kinase 
possessed a mechanism which proceeded via a partial exchange through the binary 
complexes.  This reaction was not the main reaction pathway as the exchange rate was 
slower than the equilibrium exchange rate (Roustan et al., 1971).  However, this partial 
exchange rate is not seen in creatine kinase and appears to be a feature specific to some 
arginine kinases.   
For the phosphagen kinases, the mechanism for enzyme activity seems to include 
both an open and a closed state for the enzyme.  Crystal structures of the open state of 
CK (Fritz-Wolf et al., 1996) and the closed state of AK, through a transition state analog 
(Zhou et al., 1998), indicated that there were loops which moved upon substrate binding.  
In arginine kinase, the loop with the greatest change is composed of residue 300-319 
(corresponding to residues 315-325 in Mib-CK) (Zhou et al., 2000).  This loop appears to 
have multiple interactions with the substrates and may be partially responsible for 
ensuring that the substrates are in the correct position, and is necessary to ensure that the 
active site is correctly configured (Zhou et al., 2000).  Another smaller loop (residues 
169-196 in AK) has little interaction with the substrate but its movement along with the 
movement of the larger loop act to close the substrate pocket (Zhou et al., 2000).  One of 
the key results of the closing of the active site is to exclude water from the active site, 
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thereby decreasing the amount of ATP loss due to hydrolysis.  Research by Azzi et al. 
(2004) showed that a single amino acid or entire regions of the small and large loop 
domains were changed and indicated that the loops may not be as important to substrate 
specificity and enzyme catalysis as first thought, although the loops do play a role in 
substrate alignment and closing the active site. 
 
Figure 5: Schematic of the Rapid Random Equilibrium Reaction of Arginine and Creatine 
Kinases 
 
The presence of a divalent metal ion is necessary for catalysis in arginine kinase.  
Cohn (1963) suggested that there were two types of enzymes that require divalent metal 
ion.  The first class binds the metal to a substrate to form a metal ion-substrate complex 
which binds to the enzyme.  The second class binds the metal directly to the enzyme.  
Rapid Random Equilibrium Reaction 
E 
EMgATPArg ⇌ EMgADPArp~P  E 
 
MgATP  
 
Arg 
Arg MgATP 
Arg~P MgADP 
MgADP  Arg~P 
 
KiATP KaArg 
KiArg KaATP 
KaArg~P KiADP 
KiArg~P KaADP 
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Arginine kinase falls into the first class (O’Sullivan et al., 1969 and Blethen, 1972).  The 
presence of the divalent cation magnesium in at least 1 mM excess over the concentration 
of the ATP was shown by Blethen (1972) to be essential.  Only manganese and calcium 
could be substituted for magnesium as the activating cation; copper, iron, and zinc were 
not effective in activating arginine kinase (Blethen 1972).     
The effect of planar anions on arginine kinase reveals even more similarities with 
creatine kinase.  Milner-White and Watts (1971) proposed that specific planar anions that 
complex with the enzyme could form a transition state analog, in which the anion 
substitutes for the transferable phosphate.  Anosike and Watts (1975) investigated the 
effects of several anions on both a monomeric and a dimeric arginine kinase.  The 
monomeric arginine kinase was from the lobster (Homarus vulgaris) and the dimeric 
arginine kinase was from the sea cucumber (Holothuria forskali).  Anosike and Watts 
found that both arginine kinases studied were activated by acetate, a finding similar to 
creatine kinase; however both enzymes studied were activated by chloride as well.  
Milner-White and Watts (1971) had shown that chloride had an inhibitory effect with 
creatine kinase.  The discrepancy in the results may be due to the use of different assay 
systems (i.e. a coupled-enzyme assay vs. a direct assay).  Arginine kinase from the 
lobster and the sea cucumber were also found to be inhibited by nitrate anion (Anosike 
and Watts, 1975) similar to creatine kinase (Milner-White and Watts, 1971).  Buttlaire 
and Cohn (1974) found that lobster (Homarus americanus) arginine kinase was inhibited 
by both nitrate and chloride, although not to the same extent as creatine kinase for 
chloride.  This led Buttlaire and Cohn to suggest that the structural requirements for 
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anion binding were more stringent in arginine kinase then in creatine kinase.  Brown and 
Grossman (2004) showed that arginine kinase form the American cockroach (Periplaneta 
Americana) displayed similar inhibition by monovalent anions.  Both nitrate and chloride 
inhibited the cockroach arginine kinase, with the nitrate inhibition being more substantial 
and the chloride inhibition minimal.  They further proposed that nitrate had a second 
inhibition effect, unrelated to the stabilization of the transition state analog (Brown & 
Grossman, 2004). 
 
Active Site 
 Research into the exact identity of the arginine kinase active site has been 
hindered by the lack of atomic structure information.  One of the first crystal structures of 
AK to be determined was by Zhou et al. in 1998.  This crystal structure was of a 
transition state analog in which nitrate was substituted for the phosphate anion (Figure 6).  
Earlier, Fritz-Wolf et al. (1996) had crystallized an octomeric mitochondrial CK enzyme 
as a binary complex with the nucleotide present.  The CK crystal structure introduced 
questions about amino acids which were thought to be essential for catalysis.  One of 
those amino acids was a histidine which was thought to act in acid-base catalysis (Cook 
et al., 1981).  The CK crystal structure (Fritz-Wolf et al., 1996) did not show a histidine 
close enough to where the nucleotide was bound to perform this function.   This and other 
differences led to the suggestion that the crystal structure for the octameric CK was in the 
open state and that conformational changes occurred with the binding of the second 
substrate (Fritz-Wolf et al., 1996).  
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Figure 6:  Structure of Arginine Kinase Transition State Analog From Limulus  
(PDB ID# 1RL9. (Azzi et al., 2004). 
 
 
Earlier research (Virden & Watts, 1966) has suggested the importance of the thiol 
groups found in AK and suggested that at least one thiol group (of the five identified) was 
essential for catalysis. The work by Zhou et al. (1998) was able to answer several of the 
questions raised by the octameric CK structure and previous research into the catalytic 
mechanism.  The transition state analog crystal structure for arginine kinases (Zhou et al., 
1998) was consistent with the suggestion that the transition state would be a hybrid 
between the dissociated metaphosphate intermediate and a pentavalent γ-phosphorous.  
The structure also indicated that five arginines were involved in the binding of the 
MgATP and two carboxylates (Glu-225 and Glu-314) were involved in the binding of the 
guanidino substrate.  The histidine which had been proposed to play a role in the acid-
base catalysis (Cook et al., 1981) was found to be involved in base stacking with the 
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adenine group of the nucleotide (Zhou et al., 1998).  The carboxylates involved in the 
guanidino group binding are thought actually be the bases in the acid-base catalysis.  
Zhou et al. (1998) hypothesized that the carboxylates could indeed act as bases based on 
two different rationales.  First, they proposed that the acid-base catalysis performed by 
the glutamate may be a secondary role to actually positioning the guanidine group in the 
correct alignment.  Second, they proposed that the reactive state pKs may perform a more 
isoergonic proton transfer.  Later research by Pruett et al. (2003) determined, through 
mutation of Glu
225
 and Glu
314
 to alanine and valine respectively, that neither Glu
225
 nor 
Glu
314
 were essential for catalysis.  Pruett et al. (2003) did suggest that both Glu
314
 and 
Glu
225
 may play a role in catalysis, such as pre-alignment of substrates or possible 
general base catalysis, but not in any essential manner.       
 The active site cysteine which was initially thought to be essential for catalysis 
(Virden & Watts, 1966) had been shown not to be essential but to play an important role 
in catalysis (Gattis et al., 2004).  Mutation of the active site cysteine result in enzymes 
with markedly reduced activity or increased dissociation constants for the substrates 
(Gattis et al., 2004).  The actual role of the cysteine residue, as a thiolate ion, is not 
known.  However, Gattis et al. (2004) proposed that the negative charge and proton 
affinity of the thiolate ion could act to enhance the nucleophilicity of the reactive Nη, 
whose lone pair is thought to attack the γ-phosphorous of ATP in the forward direction, 
and in the reverse direction, the thiolate could act to minimize the double-bonding nature 
of the reactive Nη, thereby enhancing the leaving group properties of the arginine.  The 
results of Pan et al. (2004) support the suggested role of the thiolate ion in the forward 
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direction by confirming that the reactive cysteine is in a location close to the ATP 
binding site which allows it to react with the γ-phosphorous of ATP. 
 Two tryptophan residues have been found to be conserved in all dimeric arginine 
kinases and creatine kinases (Guo et al., 2004).  The importance of these residues was 
demonstrated through mutation of the tryptophan residues.  The first tryptophan residue, 
Trp
208
, was found to be important in the conformational stability of the protein but not to 
be essential for catalysis (Guo et al., 2004).  The hypothesis was that Trp
208
 was 
important to catalysis in that it effected the conformation of the enzyme and therefore the 
alignment of the substrates, but the Trp
208
 was not directly involved in catalysis.  The 
second tryptophan residue, Trp
218
, was found to play a more direct role.  Replacing Trp
218
 
with an alanine nearly completely inactivated the enzyme, leading to the conclusion that 
Trp
218
 was located in the active site and the indole ring played a role in the actual 
catalytic mechanism (Guo et al., 2004).  Further experiments (Guo et al., 2004) also 
indicated Trp
218
 in subunit cohesion.  This would mean that the active site for dimeric 
molecules is close to where the two subunits interact, since Trp
218
 is located in the active 
site of the enzyme. 
 Other amino acids have also been suggested to play a role in the mechanism of 
the phosphagen kinases.  Arg
229
 and Arg
309
, for example, are thought to pull electrons 
towards the phosphate oxygens to prepare the phosphate for a nucleophilic attack (Zhou 
et al., 1998).  An aspartate (Asp
62
) and an arginine (Arg
193
) are thought to form a 
hydrogen bond which links the N-terminal and C-terminal domains of AK (Uda and 
Suzuki, 2004).  More research into the exact structure of the active site and mechanism of 
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the phosphagen kinases is needed.  As more crystal structures and sequences are 
determined, the mechanism of the phosphagen kinases will become clearer, and with that 
a better understanding of bisubstrate reactions will be found. 
Structural Similarities 
 The structural similarities within the phosphagen kinases are quite remarkable.  
Despite having only ~40% homology between the dimeric creatine kinases and the 
monomeric arginine kinases, the three-dimensional structure of the two enzymes is 
remarkably similar.  Figure 7 shows the structure of AK (PDB ID: 1RL9 (Azzi, et al., 
2004)) superimposed onto the structure of CK (PDB ID: 1VRP (Lahiri et al., 2002)).  The 
three dimensional structures of the two enzymes is nearly identical.  The active sites are 
positioned in the same location and oriented in the same direction.  The ~60% difference 
in amino acid sequence between the two enzymes is most likely important in substrate 
specificity and the ability to dimerize. 
 
  
 
 
 
 
 
 
 
 
 
Figure 7: AK Superimposed onto CK. 
CK structure PDB ID# 1VRP (Lahiri et al., 2002) .  AK Structure PDB ID# 1RL9 (Azzi 
et al., 2004). 
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Conclusion 
 There are many interesting questions still to be answered about the phosphagen 
kinase family.  Why are some dimers and others not?  Why do some show synergistic 
behavior and others do not?  How important is substrate alignment in bi-substrate 
reactions?  A review of the literature shows that these questions and more still need to be 
answered.  Research using a dimeric arginine kinase which contains the same quaternary 
structure as most creatine kinases and the same substrate specificity of invertebrate 
arginine kinases could help to begin to answer some of the questions.  Because dimeric 
AK shares similarities with both CK and monomeric AK, it can, in theory, be used as a 
kind of bridge between the two enzymes.   
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Chapter 2: Materials & Methods 
 
General Procedures 
 
Activity Assays 
Reverse Direction- 
 Arginine kinase activity in the reverse direction (formation of arginine and ATP) 
(Figure 8) was determined using an enzyme-linked spectrophotometric assay for the 
production of NADPH + H
+
 (Rosalki, 1967).  The final mixture (0.5mL) contained 
10mM arginine phosphate, 1.125mM ADP, 20mM glucose, 10mM DTT, 0.4mM NADP, 
0.5 U/mL hexokinase, 1.0 U/mL glucose-6-phosphate dehydrogenase, and 3mM MgAc in 
0.1 mM Tris/HCL buffer, pH 8.0.  The increase in absorbance was measured at 340nm 
using a Beckman Coulter DU 640 spectrophotometer (Fullerton, CA). 
Forward Direction- 
 Arginine kinase activity in the forward direction (formation of Arg~P and ADP) 
(Figure 8) was measured using a direct pH stat assay.  A radiometer PHM 290 pH Stat 
and ABU 901 autoburette (Chicago, IL) was used to measure the activity.  The final 
assay mixture (2.0mL) contained 5 mM L-Arg, 2.5 mM ATP, 3.75 mM MgAc, and 2.5 
mM DTT, pH 8.0.  The reaction vessel was continuously purged with dry nitrogen and 
the temperature was held constant at 25
o
C with a circulating water bath.  A 0.01 M 
solution of NaOH was used as the titrant, which had been calibrated against a standard 
solution of HCl.  Prior to assay, the enzyme was dialyzed against 2 mM Tris/HCl buffer 
pH 8.0, containing 2 mM DTT (Grossman, 1983). 
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 Arginine kinase activity in the forward direction (formation of Arg~P and ADP) 
(Figure 8) was also measured using an enzyme-linked spectrophotometric assay for the 
oxidation of NADPH + H
+
 (Fujimoto, 2005).  The decrease in absorbance was measured 
at 340nm using a Beckman Coulter DU 640 spectrophotometer (Fullerton, CA).  The 
final mixture (0.5 mL) contained 2 mM arginine, 37.5 mM KCl, 12.5 mM magnesium 
acetate, 5 mM ATP, and 1.25 mM PEP in 0.1 M Imidazole buffer, pH 7.0,  0.25 mM 
NADH in 0.1 M Tris/HCl buffer, pH 8.0 and 0.05 mL of a pyruvate kinase/lactate 
dehydrogenase mixture (740 Units/mL PK and 931 Units/mL LDH). 
Reverse Spectrophotometric Enzyme-linked Assay: 
      AK 
Arg~P + ADP 
 
  Arg + ATP 
               HK 
ATP + D-Glucose 
 
  ADP + D-Glucose-6-phosphate 
           G6PDH 
D-Glucose-6-phosphate + NAD
+
 
 
  6-phosphogluconate + NADH + H
+
 
  
 
Forward pH Stat Assay: 
     AK 
Arg + ATP 
 
  Arg~P + ADP + H
+ 
 
Forward Spectrophotometric Enzyme-linked Assay: 
             AK 
Arg + ATP  
 
  Arg~P + ADP 
                          PK 
ADP + Phopshoenolpyruvate  
 
  ATP + Pyruvate 
                LDH 
NADH + H
+
 + Pyruvate  
 
  NAD
+
 + Lactate 
    
 
Figure 8:  Enzymatic Assays for both the forward and reverse direction. 
 
 
SDS-PAGE 
        Polyacrylamide gel electrophoresis with SDS was performed as described by 
Laemmli (1970).  Gel slabs contained a 12.5% separating gel (lower) and a 4% stacking 
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gel (upper).  Protein samples were prepared for electrophoresis by denaturing with the 
addition of an equal volume of loading buffer [0.5 M Tris HCl pH 6.8, 10% SDS, 10 mM 
β-mercaptoethanol, 20% glycerol and 2% bromophenol blue] and then boiling for 10 
minutes.  Prestained molecular weight markers, purchased from Bio-Rad (Hercules, CA), 
were electrophoresed concurrently with the protein samples.  Electrophoresis was 
performed at constant voltage (150 volts) for approximately 1 hour or until the dye front 
reached the bottom of the gel.  The gels were stained with a 4% Coomassie blue, 40% 
methanol, and 10% glacial acetic acid solution for 5-15 min followed by destaining (10 
hrs) with 1:100 glacial acetic/water solution with 10% methanol. 
Protein Determination 
 Protein concentrations were determined using the method described by Bradford 
(1976) with bovine serum albumin as the calibration standard.  Protein concentrations 
were also measured using the absorbance at 280 nm and applying the extinction 
coefficient of 0.67 mL cm/mg for purified AK from the lobster (Virden et al, 1965). 
 
Purification 
 
The purification of AK from the eggs of the purple sea urchin, Strongylocentrotus 
purpuratus, (Marinus Scientific; Garden Grove, CA) (Figure 9) was a modification of the 
method developed by Ratto and Christen (1988) for the purification of AK from the sea 
urchin eggs of Paracentrotus lividus.  Unfertilized eggs from the purple sea urchin were 
obtained by injection of 0.5 M KCl into the soft tissue surrounding the lantern area.  The 
eggs were washed with sea water and centrifuged three times.  Washed eggs were then 
stored at -80
o
C.  Packed sea urchin eggs were thawed and homogenized in 0.025 M 
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potassium HEPES, 25 mM magnesium acetate, 10 mM 2-mercaptoethanol, 5 mM 
magnesium chloride, 5% glycerol, 0.2 mM ADP, 1 mM EDTA, protease inhibitor 
cocktail tablets from Roche (Indianapolis, IN), pH 7.0,  with 5 mL of buffer for 1 mL of 
packed cells.  The resulting suspension was then centrifuged at 81,000 x g for one hour at 
6
o
C and the collected supernatant subjected to fractionation with ethanol at -4
 o
C and 
constant stirring.  A first ethanol precipitation of 27% was performed and the majority of 
AK activity was found in the supernatant.  A second ethanol precipitation of 62% yielded 
the majority of AK activity in the pellet.  The 62% pellet was solubilized in 10 mL of 
0.05 M Tris/HCl, 10 mM 2-mercaptoethanol, 5 mM magnesium chloride, 0.2 mM ADP, 
and 1 mM EDTA, pH 7.5.  The solution was then applied to an ACA 34 (Ciphergen; 
Freemont, CA) gel filtration column (3.8 x 76 cm) and eluted with the same buffer.  
Fractions containing 16 mL were collected.  Active fractions were combined and applied 
to a DEAE Sepharose Fast Flow (Pharmacia, Piscataway, NJ) ion-exchange column (1.3 
x 12 cm) and washed with 0.02 M sodium phosphate buffer, 10 mM 2-mercaptoethanol, 
5 mM magnesium chloride, 0.2 mM ADP, 1 mM EDTA, pH 7.5.  The protein was eluted 
using a 0.02 M to 0.2 M sodium phosphate gradient, pH 7.5.  Fractions containing 10 mL 
were collected, assayed for activity and the most active fractions were combined and 
concentrated using an Amicon ultra filtration cell (Millipore Corp. Bedford, MA) 
equipped with an YM-30 membrane.  Ratto and Christen (1988) used an ammonium 
sulfate precipitation as well as the ethanol precipitation, and used an affinity 
chromatography column that was not used in the S. purpuratus purification.  The order of 
the columns was also different in the Ratto and Christen (1988) purification procedure.  
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The Ratto and Christen (1988) procedure used ion-exchange chromatography, followed 
by affinity chromatography, and then gel filtration chromatography, where the S. 
purpuratus procedure described above uses gel filtration chromatography followed by 
anion exchange chromatography. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Purification of Arginine Kinase from Sea Urchin Eggs Flow Chart 
Homogenize 10mL of Packed Eggs 
In 40 mL of 25 mM Hepes, 25 mM MgAc, 0.1 mM EDTA,  
5 mM MgCl2, 0.2 mM ADP, 5% glycerol,  
10 mM Mercaptoethanol, protease inhibitor cocktail tablets, pH 7.0 
KOH 
Centrifuge @ 81,000 x g for 1 hr, 4
o
C 
Pellet 
Discard 
Supernatant 
Ethanol Precipitation 27-62% 
Stir for 15 min @ -4
o
C 
Centrifuge @ 13,000 x g, 20 min, -4
o
C 
Pellet 
Resuspend in 5-10 mL of 50 mM Tris, 5 mM 
MgCl2,  
0.2 mM ADP, 10 mM Mercaptoethanol, pH 
Supernatant 
Discard 
Gel Filtration 
ACA-34 
Collect Active Fractions 
Ion-exchange 
Chromatography 
DEAE Sepharose 
Collect Active Fractions 
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Physical Characterization 
 
Molecular Weight/Subunit Composition 
The molecular weight of sea urchin AK was determined using SDS-PAGE and 
gel filtration column chromatography.  The molecular mass was first measured using a 
calibrated Ultrogel ACA 34 column (35cm x 1.8cm) in 0.05 M Tris/HCl, 1 mM EDTA, 
and 10 mM 2-mercaptoethanol, pH 8.0 buffer.  Molecular weight standards (3 mg/mL) of 
carbonic anhydrase (29 kDa), cockroach arginine kinase (42.5 kDa), rabbit creatine 
kinase (81.5 kDa), and alkaline phosphatase (140 kDa) were added and subsequently 
eluted from the ACA column.  Sea urchin egg arginine kinase (0.77 U) was also added 
and eluted from the ACA column. 
The molecular mass of the denatured enzyme was next determined using SDS-
PAGE.  Molecular weight standards of lysozyme (18.8 kDa), soybean trypsin inhibitor 
(32.2 kDa), carbonic anhydrase (42.2 kDa), bovine serum albumin (87 kDa), β- 
galactosidase (131 kDa), and myosin (210 kDa) were used to create a calibration curve. 
Approximately 1µg of sea urchin AK was added to the gel for analysis.  The Rf value of 
the sea urchin AK was then calculated and placed on the calibration curve.  The 
molecular mass of the sea urchin AK was then determined based on its position on the 
calibration curve. 
Enzyme Stability 
pH Stability 
Stability of sea urchin AK was investigated using 0.1 M sodium phosphate (pH 
6.1-8.0), 2 mM DTT, 1 mM EDTA, 0.2 mM ADP, and 5 mM MgCl2.  Approximately 8 
µg of AK was added to 1 mL of buffer at the specified pH.  The activity of the enzyme 
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(50 µL) was then tested daily for 12 days using the reverse direction enzyme-linked 
spectrophotometric assay.   
 
Effect of DTT 
The effect of DTT (2 mM) on enzyme stability was tested using 0.1 M sodium 
phosphate pH 7.5.  Approximately 7 µg of purified AK was added to 1 mL of buffer with 
or without 2 mM DTT.  The activity of the enzyme (50 µL) was then tested daily for 16 
days using the reverse direction enzyme-linked spectrophotometric assay.  
Effect of EDTA, MgCl2, and ADP 
The effect EDTA, MgCl2, and ADP had on the stability of sea urchin AK was 
investigated using 0.1 M sodium phosphate, 2 mM DTT pH 7.5 with or without 1 mM 
EDTA, 5 mM MgCl2, and 0.2 mM ADP.  Approximately 2 µg of purified sea urchin AK 
was added to 1 mL of the appropriate buffer.  The activity of the enzyme (50 µL) was 
then tested each day for 18 days using the reverse direction enzyme-linked 
spectrophotometric assay.   
  
Tris and Sodium Phosphate Buffer Stability 
The stability of sea urchin AK was tested in two different buffers: tris and sodium 
phosphate.  Each buffer had a concentration of 0.1 M and included 2 mM DTT, 1 mM 
EDTA, 5 mM MgCl2, and 0.2 mM ADP, pH 7.5.  Approximately 5 µg of purified sea 
urchin AK was added to 1 mL of the appropriate buffer.  The activity of the enzyme (50 
µL) was then tested each day for 9 days using the reverse direction enzyme-linked 
spectrophotometric assay.   
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Thermal Inactivation 
Partially purified samples of AK from the sea urchin were tested for temperature 
stability.  Each sample (40 µL) was incubated at selected temperatures (10-45
o
C) for 1.0, 
5.0, 10, and 15 min and then chilled on ice for 1 min.  The samples were then assayed for 
activity using the reverse direction enzyme-linked spectrophotometric assay. 
 
pH Optima 
The optimal pH for AK from the sea urchin was determined in both the forward 
and reverse directions.  The forward pH optima was performed using the pH stat assay 
and the reverse reaction was monitored using the reverse micro titer plate assay (Figure 
10) (Florini, 1989).  The micro titer plate reverse assay resulted in the reduction of 
thiolated NAD.  The increase in absorbance due to the reduction of thiolated NAD was 
measured at 405nm (Florini, 1989) using a Beckman Coulter DU 640 spectrophotometer 
(Fullerton, CA).  The final assay mixture (0.2 mL) contained 10 mM arginine phosphate, 
20 mM glucose, 10 mM MgAc, 1 mM ADP, 0.4 mM thio-NAD, 10 mM DTT, 0.5 U/mL 
hexokinase, and 1.0 U/mL glucose-6-phosphate dehydrogenase in 0.1 M Gly-Gly buffer, 
pH 6.75.   The activity of the enzyme (50µg) was measured over a range of pH values 
from 6.0-9.5.  The pH of the assay was maintained by using different buffers at different 
pH values: 0.1 M sodium acetate (pH 4.5-6.0), 0.1 M sodium phosphate (pH 6.5-7.5), and 
0.1 M Tris/HCl (pH 8.0-10.0) 
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Micro titer Plate Assay: 
       AK 
Arg~P + ADP 
 
  Arg + ATP 
               HK 
ATP + D-Glucose 
 
  ADP + D-Glucose-6-phosphate 
             G6PDH 
D-Glucose-6-phosphate + Thio-NAD
+
 
 
  6-phosphogluconate + Thio-NADH + H
+
 
  
 
 
Figure 10:  Micro titer plate assay used in the reverse direction pH optima determination. 
 
Isoelectric Point 
The isoelectric point of sea urchin AK was determined using a Bio-Rad Rotofor 
Preparative IEF Cell Chamber (Hercules, CA).  Approximately 2 units of activity in 50 
mL water containing 0.2 mM DTT and 1% ampholytes, pH 3-10, were injected into the 
chamber and focused for ~6 hrs at 6
o
C.  Two mL fractions were collected and assayed 
using the reverse direction spectrophotometric enzyme-linked assay.  The pH of each 
fraction was measured using a Radiometer IE 7.5 mm x 103 mm electrode (Chicago, IL). 
Absorption Spectrum 
    The absorption spectrum of a sample of AK (0.05 mg/mL), in 2.0 mM Tris/HCl, 
2.0 mM DTT, pH 8.0, was recorded from 250 to 600 nm using the Beckman Coulter DU 
640 Spectrophotometer (Fullerton, CA). 
Polyclonal Antibody/Western Blotting 
 A polyclonal antibody against purified sea urchin AK (0.19 mg/ml in 0.02 M 
sodium phosphate, 0.2 mM ADP, 5 mM MgCl2, 1 mM EDTA, 2 mM DTT, pH 8.0 and 
0.10 mg/mL in 0.02 M sodium phosphate, 1 mM β-mercaptoethanol, pH 7.5 as a booster) 
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was prepared by ProSci Inc (Poway, CA).  The polyclonal antibody was made in the 
rabbit and four separate bleeds were taken. 
 Western blotting was performed with polyacrylamide gels (12.5% running and 
4% stacking) in the presence of SDS.  Arginine kinase protein was detected by the 
method developed by Dunbar (1994).    The SDS gel and PVDF membrane (Bio-Rad) 
were rinsed for ~5min in water and then equilibrated in transfer buffer (0.05 M Tris/HCl, 
0.2 M Glycine, 200 mL methanol/L, pH 8.3).  The gel and membrane were then 
sandwhiched into a Bio-Rad Western Blotting apparatus and electrophoresed for 1 hour 
at a constant voltage of 100V.  A 4-5% non-fat-dry-milk (NFDM)/Tris buffered saline 
solution was then used to block the unbound sites on the membrane 40 minutes.  After 
washing with a 0.1% NFDM solution three times for 5 miniutes, a (1:500) primary 
antibody solution in 1.0% NFDM was incubated with the membrane for 45 minutes.  The 
washing procedure with the 0.1% NFDM was then repeated and a (1:5000) secondary 
antibody (goat anti-rabbit IgG conjugated with alkaline phosphates) in 1.0% NFDM 
solution was incubated with the membrane for 40 minutes.  The membrane was washed 
as described previously.  The membrane was then developed using a solution of 50 mL of 
0.2 M Tris/HCl, pH 9.5, 1.2 mM MgCl2, 5 mg of nitroblue tetrazolium and 3.7 mg 5-
bromo-4-chloro-3-indoyl phosphate p-toluidine.  The membrane was allowed to develop 
for 15-20 minutes.  The developing reaction was stopped by rinsing the membrane in 
deionized water. 
Substrate Specificity 
 The substrate specificity of sea urchin AK was tested with arginine, creatine, 
canavanine, ornithine, glycocyamine, and aminoguanidine.  Five µg of protein was added 
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to 2.50 mM ATP, 2.50 mM DTT, 3.75 mM MgAc, and 5.00 mM arginine, creatine, 
ornithine, canavanine, glycocyamine, or aminoguanidine and assayed using the forward 
direction pH Stat assay.  Assays were run for 15 min at 25
o
C. 
Hybridization 
 Purified preparations of sea cucumber (13 µg) and sea urchin egg AK (36 µg) 
were mixed in a total volume 1 mL and then diluted with 6 M guanidine hydrochloride 
(in 0.05 M Tris/HCl, 2 mM DTT, 1 mM EDTA, 50 µg NaN3, pH 8.0 buffer) to a final 
concentration of 3 M guanidine hydrochloride.  After 30 minutes at 4
o
C, the sample was 
renatured using dialysis against the same buffer minus the guanidinium hydrochloride.  
Samples were subjected to non-denaturing electrophoresis (without SDS) and stained for 
catalytic activity. The assay reagent, applied to the surface of the gel, contained 30 mM 
arginine phosphate, 2 mM ADP, 20 mM glucose, 10 mM magnesium acetate, 2 mM 
NADP, hexokinase (2 U/mL), glucose-6-phosphate dehydrogenase (1.6 units/mL), 22 
µM phenazine methosulfate, and 0.36 mM tetranitroblue tetrazolium in a total volume of 
25 mL of 1 M Tris/Acetate, pH 7.5 (Figure 11). 
Electrophoretic Colorimetric Enzymatic Assay: 
        AK 
Arg~P + ADP 
 
  Arg + ATP 
               HK 
ATP + D-Glucose 
 
  ADP + D-Glucose-6-phosphate 
           G6PDH 
D-Glucose-6-phosphate + NADP
+
 
 
  6-phosphogluconate + NADPH + H
+
 
 
NADPH + H
+
 + Phenazine Methosulfate (oxidized)   
NADP
+
 + Phenazine Methosulfate (reduced) 
 
Phenazine Methosulfate (reduced) + Tetranitroblue Tetrazolium  
Phenazine Methosulfate (oxidized) + Tetranitroblue Tetrazolium Formazan (purple ppt.) 
 
Figure 11:  Electrophoretic Colorimetric Enzymatic Assay 
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Kinetic Experiments 
 
Reverse Kinetics (Formation of Arg and ATP) 
The kinetics for the reverse reaction (formation of arginine and ATP) were 
determined using an enzyme-linked spectrophotometric assay for the production of 
NADPH + H
+
 (Grossman, 2004).  The final mixture (0.5 mL) contained varying amounts 
of arginine phosphate (0.5 mM – 3.0 mM), varying amount of ADP (0.125 mM – 3.0 
mM), 20 mM glucose, 2 mM DTT, 0.4 mM NADP, 1 U/mL hexokinase, 1 U/mL  
glucose-6-phosphate dehydrogenase and magnesium acetate (0.3375 mM – 15 mM) held 
2.7 mM times above the ADP concentration to account for the association between the 
magnesium ion and ADP (4,150 M
-1
) (Ogston, 1961), in 0.1 M Gly-Gly buffer pH 6.75.  
The increase in absorbance was measured at 340 nm.  One unit of activity was defined as 
1.0 µmol of NADPH + H
+
/min/mg protein.  Each reported rate was the average of at least 
three separate determinations with no point having a range of greater than 5% of the 
average.  Michaelis constants and dissociation constants for each substrate were 
determined using the method described by Florini and Vestling (1967).  Error for the 
kinetic constants was calculated using SigmaPlot 8.0 to fit the kinetic data to the 
Michaelis-Menten equation. 
Forward Kinetics (Formation of Arg~P and ADP) 
 The kinetics for the forward reaction (formation of arginine phosphate and ADP) 
was measured using a Radiometer Analytical Autoburette ABU 901 (Chicago, IL).  The 
assay mixture (2 mL) contained varying amounts of arginine (0.167 mM – 2 mM), ATP 
(0.0625 mM – 0.75 mM), magnesium acetate (1.167 mM – 1.75 mM), held 1 mM in 
excess of the ATP concentration, and 2.5 mM DTT, pH 8.0.  The reaction vessel was 
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continuously purged with dry nitrogen and the temperature was held constant at 25
o
C 
with a circulating water bath.  A 0.01 M solution of NaOH was used as the titrant, which 
had been calibrated against a standard solution of HCl.  Prior to assay, the enzyme was 
dialyzed against 2 mM Tris/HCl buffer pH 8.0, containing 2 mM DTT.  Michaelis 
constants and dissociation constants for each substrate were determined using the method 
described by Florini and Vestling (1967).  One unit of activity was defined as release of 
1.0 µmol of H
+
/min/mg protein. Each reported rate was the average of at least three 
separate determinations with no point having a range of greater than 5% of the average.  
Error for the kinetic constants was calculated using SigmaPlot 8.0 to fit the kinetic data to 
the Michaelis-Menten equation. 
The Effect of Monovalent Anions 
The effect of various monovalent anions was investigated using the forward 
direction pH stat assay with monovalent anions included in the assay.  The monovalent 
anions, to a final concentration of 50 mM, used in the experiment included chloride, 
iodide, nitrite, nitrate, acetate, and cyanide. 
Nitrate Inhibition 
Additional studies were carried out on the effect of nitrate on the initial velocity 
of purified sea urchin AK.  The forward direction pH stat assay was used to monitor the 
effect of varying concentrations of nitrate (1.56 mM -50 mM). 
Renaturation After Denaturation 
Studies on the continous reactivation of arginine kinase from sea urchin egg AK 
were conducted using the forward (production of Arg~P and ADP) spectrophotometric 
assay.  Purified samples (100 µL) of AK enzyme were incubated with various 
concentrations (4 M, 3.5 M, 3.0 M, 2.5 M, 2.0 M, 1.5 M, 1.0 M, and 0.5 M) of 
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guanidinium hydrochloride for 10 minutes on ice.  Renaturation was attempted in the 
assay solution by diluting the guanidinium hydrochloride concentration to 0.2 M- 0.025 
M.  The renaturation was monitored for 30 minutes using the Beckman Coulter DU 640 
spectrophotometer (Fullerton, CA). 
 
Molecular Biology 
 
RNA Isolation 
 Sea urchin egg RNA was isolated using the RNA-Bee kit from Tel-Test, Inc. 
(Friendswood, TX).  For each 50 mg of eggs, 1 mL of RNA-Bee was used.  The eggs 
were homogenized in the RNA-Bee using a glass-glass homogenizer.  After 
homogenization, 0.2 mL of chloroform was added for each 1 mL of RNA-Bee used and 
then agitated vigorously for 15-30 seconds.  The sample was stored on ice for 5 min and 
then centrifuged at 12,000 x g for 15 min at 4
o
C.  The aqueous phase was transferred to a 
new tube and 0.5 mL of isopropanol was added.  The sample was incubated at room 
temperature for 5 to 10 minutes to precipitate the RNA and then centrifuged at 12,000 x g 
for 5 min at 4
o
C.  The RNA was washed with 1 mL 75% ethanol and centrifuged at 7,500 
x g for 5 min at 4
o
C.  The pellet was allowed to air dry for approximately 5 min and then 
was solubilized in 50-100 µL of DEPC water. 
cDNA Synthesis 
 The synthesis of cDNA was carried out using either SuperScript III RT Enzyme 
(Invitrogen; Carlsbad, CA) or MLV-RT Enzyme (Fisher; Pittsburgh, PA).  Each reaction 
with either enzyme contained 5X RT buffer, deoxyribonucleotide triphosphates 
(dNTP’s), random primers or oligodT primers, water and RNAseOut (Invitrogen; 
Carlsbad, CA).  The Superscript III RT reaction also contained DTT.  The MLV-RT 
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reaction was incubated at 45
o
C for 1 hour and then inactivated at 85
o
C for 15 minutes.  
The Superscript III RT reaction was incubated at 50
o
C for 30-60 minutes and then 
inactivated at 70
o
C for 15 minutes.  RNaseH was added and the reaction was incubated at 
37
o
C for 1 hour. 
DNA Concentration 
 The concentration of a DNA sample was obtained using the absorbance at 260nm.  
Concentration is calculated from the absorbance using the equation: 
DNA Concentration = O.D.260nm x Dilution Factor x 45 µg/mL 
DNA Gel Electrophoresis 
 Analysis of DNA samples was carried out using a 1% agarose gel.  A 1% agarose 
gel was prepared by the combination of agarose and 1X Tris/Acetate/EDTA (TAE) 
buffer.  The agarose was melted in the 1X TAE buffer.  For every 50 mL of gel prepared 
5 µL of 10 mg/mL ethidium bromide was added after the agarose was melted.  The gel 
was allowed to solidify and then 1X TAE buffer was added as the running buffer.  DNA 
samples analyzed (10 µL) contained 8 µL DNA, 2 µL 1X TAE, and 1.5 µL loading dye. 
Crude-Mini Prep 
 Between 1.0-1.5 mL of culture was centrifuged at 12,000 x g for 1 min.  The 
supernatant was decanted and the pellet was resuspended in 150 µL of Buffer P1 
followed by the addition of 150 µL of Buffer P2.  The reaction was incubated for 5 
minutes at room temperature and then 150 µL of cold buffer P3 was added.  The reaction 
was incubated on ice for 5 minutes and then centrifuged at 12,000 x g for 10 min.  The 
supernatant was added to 1.0 mL of ethanol and incubated for 1 hour at -80
o
C.  After 
incubation the reaction was centrifuged for 15 min at 12,000 x g.  The supernatant was 
discarded and the pellet was washed with 200 µL of 70% ethanol.  The reaction was 
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centrifuged again for 5 min at 12,000 x g.  The ethanol was removed and the pellet was 
allowed to air dry.  Finally, the pellet was resuspended in 30 µL of Tris/EDTA (TE) 
buffer. 
Eppendorf Perfect Prep (Westbury, NY) 
 Between 1.0-1.5 mL of culture was centrifuged at 12,000 x g for 30 seconds.  The 
supernatant was decanted and the pellet was resuspended in 100 µL of solution 1.  One 
hundred µL of solution 2 was added and mixed by gently inverting and then 100 µL of 
solution 3 was added and mixed by inverting.  The reaction was then centrifuged for 30 
seconds at 12,000 x g and the supernatant was transferred to a spin column.  DNA 
binding matrix (450 µL) was added to the spin column and then centrifuged for 30 
seconds at 12,000 x g.    The filtrate was decanted and 400 µL of diluted purification 
solution was added to the spin column.  After centrifugation at 12,000 x g for 60 seconds, 
the filtrate was discarded again and the spin column was centrifuged again at 12,000 x g 
for 60 seconds to remove any residual liquid.  The spin column was transferred to a new 
micro centrifuge tube and the purified plasmid was eluted with 50 µL of water. 
Restriction Digest 
 The restriction digest reaction (10 µL) contained 0.1 µL of BSA, 1.0 µL of the 
appropriate buffer (to match the restriction enzyme used), 0.2 µL of restriction enzyme, 
4.7 µL of water, and 6.0 µL of DNA.  The digest reaction was incubated for 4 hours at 
37
o
C and the results were analyzed using a DNA gel. 
Design of Degenerate Primers 
 Degenerate Primers were designed using 27 AK amino acid sequences.  The 
following sequences were obtained from the NCBI database: gi|1078951|, gi|1085649|, 
gi|1346366|, gi|13647103|, gi|13647113|, gi|15886861|, gi|16518985|, gi|1708615|, 
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gi|2543067|, gi|2543072|, gi|2543073|, gi|2543074|, gi|2543075|, gi|2543078|, gi|3183056|, 
gi|3183057|, gi|3183060|, gi|3183062|, gi|3831705|, gi|4586462|, gi|5726565|, gi|585342|, 
gi|7243761|, gi|7768860|, gi|7770085|, gi|7770087|, and gi|8099051|.  The amino acid 
sequences were entered in the Block Maker program at the Blocks WWW Server 
(http://blocks.fhcrc.org/blocks/).  The results from the Block Maker program were then 
entered into the CODEHOP program on the Blocks WWW Server 
(http://blocks.fhcrc.org/blocks/).  Four primer sequences were then selected from three 
separate blocks (C, D, and E).  These four primers enabled the determination of the entire 
sequence between blocks C and E or from block C to the middle of block D and from the 
middle of block D to the end of block C. 
Insert Sequence PCR and Sequencing 
 The sequence between blocks C and E was amplified using PCR.  The PCR 
reaction contained 1X 10X Rxn buffer (500 mM KCl, 100 mM Tris-HCl, pH 8.3), 0.25X 
5X Rxn buffer (250 mM KCl, 50 mM Tris-HCl, pH 8.3), 2.5 mM MgAc, 10 mM 
DNTP’s, 1 µM Block C Forward Primer, 1 µM Block E Reverse Primer, 0.125 µL of 
Master Taq DNA polymerase, 2.5 µL of cDNA, and water to 25 µL.  The reactions were 
run at 52, 57.4, and 62
o
C using a touchdown PCR protocol.  A PCR product of ~300 bp 
was identified.  The insert sequence (PCR product) was then cloned and transformed in a 
TOPO-TA (Invitrogen; Carlsbad, CA) sequencing vector and One Shot TOP10 E. coli 
(Invitrogen; Carlsbad, CA). The cloning reaction (5 µL) contained 2 µL PCR product, 1 
µL salt solution, 1 µL TOPO Vector, and 1 µL water.  The reaction was incubated at 
room temperature for 5 minutes and then stored on ice.  The cloning reaction was then 
transformed into One Shot TOP10 cells. The transformation reaction included 2 µL of the 
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cloning reaction added to one vial of One Shot TOP10 E. coli.  The reaction was 
incubated on ice for 15 minutes and then heat-shocked at 42
o
C for 30 seconds.  S.O.C. 
Medium (250 µL) was then added to the reaction vial and incubated at 37
o
C with shaking 
(200 rpm) for 1 hour.  The TOPO-TA vector contains regions for ampicillin resistance 
and this was used as the selective agent.  Between 10 and 50 µL of the transformation 
reaction was spread onto LB plates containing ampicillin (50 µg/µL) and incubated for 
~12-15 hours at 37
o
C.  Colonies were selected and grown for ~12-15 hours at 37
o
C in 5 
mL of LB/AMP broth with shaking (250-300 rpm).  A crude-mini prep was then 
performed on the cultures to determine which cultures contained the insert.  A restriction 
digest was then performed on the crude-mini preps using EcoR1 and Buffer H in the 
reaction.  The digest reactions were then analyzed using DNA gel electrophoresis.  
Reactions which contained the 300 bp insert were identified and the LB/AMP cultures 
that corresponded underwent an Eppendorf Perfect Prep reaction.  The reactions were 
checked again by restriction digest with EcoR1 to ensure they contained the insert.  The 
insert was then sequenced by the Molecular Biology Core facility at the Moffit Cancer 
Research Center.  The TOPO-TA vector contains T3 and T7 priming sites, which were 
the primers used in the sequencing reaction. 
Design of 5’ and 3’ primers 
 The insert sequence was used to determine the appropriate gene to make 5’ and 3’ 
primers from in the sea urchin genome.  A BLAST search identified the areas in the sea 
urchin genome that were homologous to the insert sequence.  Several matches were 
found and the amino acid sequence from the sea cucumber S. japiconus was used to help 
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limit which sequence was most likely to correspond to the arginine kinase gene.  The 5’ 
and 3’ ends were determined and primers were synthesized. 
5’ and 3’ PCR and Sequencing 
 The sequence between the 5’ and 3’ primers was amplified using PCR.  The PCR 
reaction contained 1X 10X Rxn buffer (500 mM KCl, 100 mM Tris-HCl, pH 8.3), 0.25X 
5X Rxn buffer (250 mM KCl, 50 mM Tris-HCl, pH 8.3), 2.5mM MgAc, 10mM DNTP’s, 
1 µM 5’ Primer, 1 µM 3’ Primer, 0.125 µL of Master Taq DNA polymerase, 2.5 µL of 
cDNA, and water to a total of 25 µL.  The reactions were run at 57
o
C according to a 
touchdown PCR protocol.  A PCR product of ~900 bp was identified.  The sequence 
(PCR product) was then ligated and transformed in a PQE30Xa (Qiagen; Valencia, CA) 
vector and XL1 Blue E. coli (Qiagen; Valencia, CA).  The ligation reaction (30 µL ) 
contained 3.0 µL  10X buffer (0.5 M Tris/HCl pH 7.5, 0.1 M MgCl2, 0.1 M DTT, 0.1 M 
ATP, 0.25 mg/mL BSA), 1.0 µL ligase, vector, insert, and water to 30 µL.  The amount 
of vector and insert added was determined using the equation: 
ng vector x kb insert x ratio = ng of DNA to be used 
    kb vector 
 
The reaction was then incubated overnight at 16
o
C.   The ligation reaction was then 
transformed into XL1 Blue E. coli.  The transformation reaction contained 2 µL of 
ligation reaction in 80 µL of XL1 Blue cells.  The reaction was incubated on ice for 30 
min and then heat-shocked for 45 sec at 42
o
C.  The reactions were placed on ice for 2 
min and then plated (40 µL) onto LB plates containing ampicillin (50µg/µL) and 
tetracycline (30µg/µL).  The PQE30Xa vector contains an ampicillin resistance gene and 
the XL1 Blue cells are tetracycline resistant.  The plates were incubated for ~15-20 hours 
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at 37
o
C.  Colonies were selected and grown for ~15-20 hours at 37
o
C in 5 mL of 
LB/AMP/TET broth with shaking (250-300 rpm).  A crude-mini prep was then 
performed on the cultures to determine which cultures contained the insert.  A restriction 
digest was then performed on the crude-mini preps using EcoR1 and Pst1 and Buffer H in 
the reaction.  The digest reactions were then analyzed using DNA gel electrophoresis.  
Reactions which contained the 900 bp insert were identified and the LB/AMP/TET 
cultures that corresponded underwent an Eppendorf Perfect Prep reaction.  The reactions 
were checked again by restriction digest with EcoR1 and Pst1 to ensure they contained 
the insert.  The insert was then sequenced by the Molecular Biology Core facility at the 
Moffit Cancer Research Center.  Sequencing primers specific to the PQE30Xa vector 
were used for the sequencing reaction. 
5’-3’ Over-Expression 
The PQE30Xa vector containing the 5’-3’ insert was transformed into Rosetta 
Blue E. coli (Qiagen; Valencia, CA).  The Rosetta Blue cells are specific to eukaryote 
over-expression.  The transformation reaction contained 20 µL of Rosetta Blue cells and 
1.0 µL of purified plasmid.  The reaction was heat-shocked at 42
o
C for 30 sec and then 
cooled for 2 minutes on ice.  Room temperature S.O.C. Medium (80 µL) was added and 
the reaction was incubated at 37
o
C with shaking (250 rpm) for 1 hour.  The 
transformation was plated onto three separate plates with varying amounts on each plate: 
5 µL, 10 µL, and 20 µL.  The plates used were LB agar plates with ampicillin (50 
µg/µL), tetracycline (30 µg/µL), and chloramphenacol (CAM )(34 µg/µL).  The plates 
were then incubated at 37
o
C for 15-20 hours.  After incubation, colonies were selected 
and grown in LB broth containing ampicillin, tetracycline, and CAM at 37
o
C for 15-20 
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hours with shaking (250-300 rpm).  A 75 mL LB/AMP/TET/CAM culture was inoculated 
with 1.0 mL of starter culture.  The culture was grown at 37
o
C with shaking (250-300 
rpm) until the culture reached an optical density (O.D.) of 0.4-0.5 at 600 nm.  Once the 
correct O.D. was reached, a 1.0 mL aliquot was removed for analysis, while the 
remaining culture was induced by the addition of IPTG to a final concentration of 1.0 
mM.  The culture was grown for another 4 hours with 1.0 mL aliquots removed every 
hour.  The aliquots were centrifuged for 1.0 min at 1,000 x g.  The supernatant was 
discarded and the pellet was resuspended in 50 µL of SDS-PAGE loading dye.  The 
aliquots were boiled for 10 min and then cooled on ice for 1.0 min.  After cooling, 5 µL 
of a 1.7 mg/mL PMSF stock solution and 5 µL of a 10 mM benzamididine stock solution 
were added to the aliquots.  The aliquots were then analyzed by SDS-PAGE and Western 
Blotting.   
The over-expressed protein was then purified.  After 4 hours of induction the 
remaining culture was centrifuged at 4,000 x g for 10 min.  The supernatant was 
discarded and the pellet was resuspended in 100 mM sodium phosphate, 10 mM 
imidazole, 300 mM NaCl, pH 8.0 buffer with PMSF and benzamididine protease 
inhibitors added.  Lysozyme, to a final concentration of 1.7 mg/ml, was added to the 
resuspension and incubated on ice for 30 minutes with shaking.  The resuspension was 
then sonicated for 1.0 min.  After sonication, the resuspension was centrifuged for 15 min 
at 10,000 x g.  The pellet contained the over-expressed protein that was placed in 
inclusion bodies.  The pellet was resuspended in 100 mM sodium phosphate, 8.0 M urea, 
and 1% Triton-X, pH 8.0.  The resuspension was then incubated at 37
0
C for 1 hour with 
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shaking and then centrifuged for 20 min at 10,000 x g.  Ni-NTA agarose (500 µL) was 
then added to the supernatant and incubated at room temperature for 30 minutes with 
gentle shaking.  The supernatant was then loaded onto a small (1.3 x 1.2 cm) column and 
the eluate collected.  The column was then washed twice with 4 mL of 100 mM sodium 
phosphate, and 4.0 M urea, pH 6.5.  Each 4.0 mL wash was collected in a separate tube.  
The column was then washed with 2.0 mL of 100 mM sodium phosphate, 4.0 M urea, pH 
5.9 and the eluate collected in a tube.  Finally, the column was washed once more with 
2.0 mL of 100 mM sodium phosphate, 4.0 M urea, pH 4.5 and the eluate collected in a 
tube.  All of the fractions collected were adjusted to pH 7.0.  The fractions were then 
analyzed using SDS-PAGE and the fraction containing the over-expressed protein was 
determined. 
 The fraction which contained the over-expressed protein was then 
subjected to exhaustive dialysis against 100 mM sodium phosphate, 10 mM MgCl2, 0.2 
mM ADP, 2 mM DTT, and 1 mM EDTA, pH 8.0.  After dialysis the fraction was tested 
for activity using the reverse direction enzyme-linked spectrophotometric assay. 
Sequence Alignment/Homology 
The deduced sea urchin egg AK sequence was aligned with a monomeric AK 
sequence from Limulus AK (gi|1708613|), a dimeric AK sequence from the sea cucumber 
(gi|4586462|) and a dimeric CK sequence from the rabbit (gi|6729828|) to determine 
sequence homology using the NCBI Blast alignment tool. 
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Chapter 3:  Results 
 
Purification 
 The purification of arginine kinase from sea urchin eggs is summarized in Table 
7.    The procedure was a modification of the procedure outlined by Ratto and Christen 
(1988), which includes ultracentrifugation, ethanol precipitation, gel filtration 
chromatography (Figure 12), and ion exchange chromatography (Figure 13).  The 
purification from 13 mL of packed eggs yields 1.2 mg of protein with a 94-fold 
enrichment, and a 33% yield.  An SDS-PAGE gel of the purification steps is illustrated in 
Figure 14. 
 
Physical Characterization 
 
Molecular Weight/Subunit Composition 
 The molecular weight of native sea urchin egg AK, as determined by column 
chromatography, was 89, 000 Daltons.  Denatured sea urchin AK had a molecular weight 
of 42,600 as determined by SDS-PAGE.  The native form has a molecular weight 
approximately double that of the molecular weight of the denatured form indicating that 
the native form of the enzyme is a dimer.  Only one band is seen on the SDS-PAGE gel 
suggesting that the dimer is formed from two identical subunits.  Figure 15 shows the 
results of the molecular weight determination by both SDS-PAGE and calibrated gel 
filtration column chromatography.   
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Figure 12: ACA Column Elution Profile 
The resuspension of the 27-62% ethanol precipitation pellet was loaded onto the ACA 
column and eluted.  Fractions (16 mL) were collected and aliquots assayed for activity 
using the reverse direction spectrophotometric assay. Column dimensions (3.8 x 76 cm). 
(•)Fraction Activity and (■) Fraction Protein 
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Figure 13: DEAE Sepharose Column Elution Profile 
Active fractions from the ACA column were combined and applied to a DEAE Sepharose 
column.  The protein was eluted with a gradient of 0.02-0.2 M sodium phosphate.  
Fractions (8 mL) were collected and assayed for activity using the reverse direction 
spectrophotometric assay. Column dimensions (1.3 x 12 cm). 
(•) Electrical Conductivity, (▲) Protein, (■) Activity 
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Table 7: Purification Table for Sea Urchin Egg Arginine Kinase 
Procedure 
Total 
Volume 
(µL) 
Total 
Protein 
(mg) 
Total 
Activity 
(µmol of 
NADPH + 
H
+
/min) 
Specific 
Activity 
(µmol of 
NADPH + 
H
+
/min/mg) 
Fold 
Enrichment 
Percent 
Yield 
 
Homogenization 
38     349 82.8   0.24 -- 100 
 
Centrifugation 
32 131 80.1   0.61 2.5   97 
 
Ethanol Precipitation 
10  18.3 28.4 1.6 6.4   34 
 
Gel filtration (ACA 
34) 
126  6.3 37.2 5.9 24   45 
 
DEAE Sepharose 
30  1.2 27.1 22.6 94   33 
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Figure 14: Purification SDS-PAGE Gel 
Samples were removed after each step of the purification and analyzed by SDS-PAGE. 
Lane 1: molecular weight markers (5.0 µL); lane 2: crude homogenate (2.0 µL); lane 3: 
Ultra centrifugation supernatant (3.0 µL); lane 4: Ethanol precipitation resuspension (7.0 
µL); lane 5: ACA column combined fractions (30.0 µL); lane 6: DEAE Sepharose 
combined fractions (50.0 µL). 
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Figure 15:  Molecular Weight Determination of Sea Urchin Egg AK 
(A)  Calibration curve of SDS-PAGE with molecular weight standards and sea urchin egg 
AK.  Approximately 1µg of AK was applied to the gel. 
(B)  Calibration curve of Ultrogel AcA 34 column (35cm x 1.8cm) with molecular weight 
standards and sea urchin egg AK.  Approximately 0.77 units of activity (1 unit = 1 µmole 
of NADPH + H
+
 produced per minute) was applied to the gel filtration column. 
Log of Molecular Weight
4.2 4.4 4.6 4.8 5.0 5.2 5.4
R
f V
a
lu
e
s
0.0
0.2
0.4
0.6
0.8
Lysozyme
18,800 Daltons
Soybean Trypsin Inhibitor
32,300 Daltons
Carbonic Anhydrase
42,200 Daltons
Sea Urchin AK
42,650 Daltons
Bovine Serum Albumin
87,000 Daltons
Beta-galactosidase
131,000 Daltons
Myosin
210,000 Daltons
(A)
Log of Molecular Weight
4.4 4.5 4.6 4.7 4.8 4.9 5.0 5.1 5.2
V
E
/V
O
1.4
1.6
1.8
2.0
2.2
Carbonic Anhydrase
29,000 Daltons
Cockroach
Arginine Kinase
42,500 Daltons
Rabbit Creatine Kinase
81, 500 Daltons
Alkaline Phosphatase
140,000 Daltons
Sea Urchin
Arginine Kinase
89,000 Daltons
(B)
 64 
 Enzyme Stability 
 pH Stability 
 The stability of sea urchin egg AK at different pH values over several days was 
tested using the reverse direction enzyme-linked spectrophotometric assay (Figures 16 & 
17).  Over a 12 day period sea urchin egg AK showed the greatest stability in a pH 7.5 
buffer.  At pH 6.1, enzyme activity was completely lost by day two. 
 
Effect of DTT 
 The effect of DTT on the stability of sea urchin egg AK over a period of 16 days 
was investigated using the reverse direction enzyme-linked spectrophotometric assay 
(Figure 18).  In the absence of DTT, a complete loss of enzyme activity was seen by day 
four, while the sample with DTT still retained ~40% activity on day 4. 
 
Effect of EDTA, MgCl2, and ADP 
The addition of EDTA, MgCl2, and ADP also had an effect on the stability (as 
measured by the reverse direction enzyme-linked spectrophotometric assay) of sea urchin 
egg AK over a period of days (Figure 18).  Samples without EDTA, MgCl2, and ADP 
showed a sharper decrease in activity after day 6 than samples containing EDTA, MgCl2, 
and ADP. 
 
Effect of Tris and Sodium Phosphate Buffer 
Sea urchin egg AK that was tested for activity, using the reverse direction 
enzyme-linked spectrophotometric assay, was only slightly more stable in a sodium 
phosphate buffer as compared to a Tris buffer (Figure 19).  AK activity was almost 
completely lost by day seven in the Tris buffer, while ~25% of AK activity remained for 
the sample in the sodium phosphate buffer. 
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Figure 16: pH Stability 
Sea Urchin Egg AK samples were incubated in 0.1 M sodium phosphate buffer at various 
pHs and tested for activity, using the reverse direction spectrophotometric assay, over 
several days. 
(•) pH 6.1, (▼) pH 6.4, (■) pH 6.6, (♦) pH 6.8, (▲) pH 7.0, (●) pH 7.3, (•) pH 7.5, 
(▼) pH 7.7, (■) pH 8.0. 
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Figure 17: pH Stability Day 3, Day 6, & Day 12 
Sea Urchin Egg AK samples were incubated in 0.1 M sodium phosphate buffer at various 
pHs and tested for activity, using the reverse direction spectrophotometric assay. 
 
(•) Day 3, (▼) Day 6, (■) Day 12 
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Figure 18: Effect of DTT, EDTA, MgCl2, and ADP 
Sea Urchin Egg AK samples were incubated over a period of days with and without DTT 
and with and without EDTA, MgCl2, and ADP.  The samples were tested for activity 
using the reverse direction spectrophotometric assay. 
(•) Without DTT, (•) With DTT, (▼) Without EDTA, MgCl2, and ADP, (▼) With 
EDTA, MgCl2 and ADP with DTT 
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Figure 19: Stability in Tris/HCl and Sodium Phosphate Buffers 
Sea Urchin Egg AK samples were incubated for the indicated time in either a Tris Buffer 
or a Sodium Phosphate buffer pH 7.5 and tested for activity using the reverse direction 
spectrophotometric assay. 
(•) Tris Buffer and ( ) Sodium Phosphate 
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Thermal Inactivation 
 The inactivation of AK from sea urchin eggs by heat was determined 
using the reverse enzyme-linked spectrophotometric assay (Figure 20).  Enzyme activity 
decreased by 50% when AK was incubated for 15 min at 25
o
C; however, when incubated 
for 1 min, it did not reach 50% loss in activity until 37
o
C.  Complete loss of activity was 
seen by 30
o
C for the 10 and 15 min incubations and by 45
o
C for the 1 min incubations. 
pH Optima 
 The activity of sea urchin egg AK was tested in both the forward and 
reverse directions at varying pH values (Figure 21).  In the reverse direction, the activity 
of sea urchin egg AK was optimum at pH 6.7, while in the forward direction the activity 
was optimum at pH 8.0.  In the reverse direction ~50% of the enzyme activity is detected 
pH 6.3 and 7.3.  The enzyme exhibits 50% activity at pH 7.5 and 8.7 in the forward 
reaction direction, respectively. 
Isoelectric Point 
 The isoelectric point of sea urchin egg AK was determined to be 6.71, 
using a Bio Rad Rotofor Preparative IEF Cell chamber.  Two mL fractions were collected 
and tested for activity (using the reverse direction enzyme-linked spectrophotometric 
assay) and pH.  Figure 22 shows the dependence of activity on pH after completion of 
isoelectric focusing. 
Absorption Spectrum 
 The absorption spectrum (Figure 23) for sea urchin egg AK, show the 
characteristic transistion peaks, for a protein.  The protein was scanned from 250nm to 
60nm. 
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Figure 20: Temperature Stability 
Partially purified samples of sea urchin egg AK were heated for various times at the 
indicated temperatures and then assayed for activity using the reverse direction 
spectrophotometric assay. 
(•) 1 min incubation, (▼) 5 min incubation, (■) 10 min incubation, (♦) 15 min 
incubation 
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Figure 21: pH Optima in the Forward and Reverse Direction 
Sea Urchin Egg AK activity was tested in both directions as a function of pH.  The 
activity was determined in the reverse direction using the colorimetric thio-NAD assay 
and in the forward direction using the pH stat assay. 
(•) Reverse Direction (Formation of Arg and ATP and ( ) Forward Direction 
(Formation of Arg~P and ADP 
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Figure 22: Isoelectric Focusing 
Sea Urchin Egg AK was focused for 6 hours at 6
o
C and then assayed for activity, using 
the reverse direction spectrophotometric assay.  The ampholytes used ranged from pH 3-
10. 
(•) Relative Activity and ( ) pH 
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Figure 23:  Absorption Spectrum for purified sea urchin egg AK  
Sea Urchin egg AK(0.05mg/ml) in 2 mM Tris, 2 mM DTT, pH 8.0 was scanned from 
250nm to 600nm. 
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Polyclonal Antibody/Western Blotting 
 A polyclonal antibody to sea urchin egg AK was produced and tested with 
Western blotting as a measure of reactivity.  While the polyclonal antibody did contain 
antibodies to proteins other than sea urchin egg AK, the antibody did react with sea 
urchin egg AK and this preparation was used to determine if AK was present in partially 
purified samples (Figure 24). 
 
 
Substrate Specificity 
 The activity of sea urchin egg AK was tested using several potential 
substrates including D- and L-arginine, creatine, L-canavanine, ornithine, glycocyamine, 
and aminoguanidine.  Only L-arginine and canavanine showed activity when tested as a 
substrate for sea urchin egg AK.  Canavanine showed ~27% activity when compared to 
the rate with L-arginine. 
 
Hybridization 
 Arginine kinase from the sea urchin eggs and sea cucumber muscle 
formed a hybrid enzyme when denatured and renatured together (Figure 25).  The 
hybridization was accomplished by denaturing both enzymes with a final concentration 
of 3 M guanidinium hydrochloride and then renaturing by exhaustive dialysis.  The 
results were then analyzed using a native polyacrylaminde gel electrophoresis, with 
subsequent development using an activity stain for AK.   
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Figure 24: Western Blot Using Polyclonal Antibody Against Sea Urchin Egg AK 
Lane 1: Molecular Weight Markers (5 µL) (a listing of the molecular weight markers and 
their weights can be found on page 34)   Lane 2: Crude Sea Urchin Egg Homogenate (3 
µL)  Lane 3: Crude Sea Cucumber Homogenate (5 µL)  Lane 4: Crude Shrimp 
Homogenate (5 µL)  Primary antibody 1:1000; Secondary Antibody: 1: 40,000 
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Figure 25: Hybridization of Sea Urchin Egg AK with Sea Cucumber Muscle AK 
Samples of sea urchin egg AK (36 µg) and sea cucumber muscle AK (13 µg) were 
denatured in each other’s presence in 3 M guanidinium hydrochloride and renatured by 
exhaustive dialysis.  The results were analyzed using a native Polyacrylamide gel.  For 
each lane 50 µL of the appropriate sample was loaded onto the gel. 
(A) Native Sea Cucumber AK, (B) Native Sea Urchin Egg AK,  (C) Native Sea 
Cucumber and Sea Urchin Egg AK, (D) Denatured/Renatured Sea Urchin Egg AK and 
Sea Cucumber AK, (E) Denatured/Renatured Sea Urchin Egg AK, and (F) 
Denatured/Renatured Sea Cucumber AK 
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Kinetic Experiments 
 
Reverse Kinetics (Formation of Arg and ATP) 
 The formation of Arg and ATP from Arg~P and ADP by sea urchin egg 
AK was tested using the enzyme-linked spectrophotometric assay.  The effect varying 
amounts of Arg~P had on the initial velocity, while the ADP concentration remained 
constant, is seen in Figure 26.  The binary complex [ES] has a dissociation constant 
(Kbi
arg~P
) of 1.30 for phosphoarginine.  Secondary plots (Figure 28) were used to 
determine the dissociation constant, Kter
arg~P
, for the ternary complex, [ES1S2] (Florini 
and Vesting, 1957).  The Kter
arg~P
, as determined by the secondary plot, for 
phosphoarginine was 1.31.  The effect varying amounts of ADP had on the initial 
velocity, while the Arg~P concentration was held constant, is seen in Figure 27.  The 
Kbi
MgADP
 for the binary complex was determined to be 0.06.  Secondary plots (Figure 28) 
were again developed to evaluate the Kter
MgADP
  for the ternary complex, which was 
determined to be 0.06 (Florini and Vesting, 1957).  The ratio of Kbi/Kter was used to 
determine if synergism in substrate binding is evident in the enzymatic reaction.  The 
ratio for sea urchin egg AK was 0.99 for arginine phosphate and 1.00 for MgADP, which 
indicated that synergism was absent.   
Forward Kinetics (Formation of Arg~P and ADP) 
 The formation of Arg~P and ADP from Arg and ATP by sea urchin egg 
AK was tested using the pH stat assay.  The effect varying amounts of Arg had on the 
initial velocity, while the ATP concentration remained constant, is seen in Figure 29.  
The binary complex [ES] has a dissociation constant (Kbi
arg
) of 0.34 for arginine.  
Secondary plots (Figure 31) were used to determine the dissociation constant, Kter
arg
, for 
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the ternary complex, [ES1S2] (Florini and Vesting, 1957).  The Kter
arg
, as determined by 
the secondary plot, for arginine was 0.35.  The effect varying amounts of ATP had on the 
initial velocity, while the Arg concentration was held constant, is seen in Figure 30.  The 
Kbi
MgATP
 for the binary complex was determined to be 0.10.  Secondary plots (Figure 31) 
were again developed to evaluate the  Kter
MgATP
  for the ternary complex, which was 
determined to be 0.11 (Florini and Vesting, 1957).  The ratio of Kbi/Kter was used to 
determine if synergism in substrate binding is evident in the enzymatic reaction.  The 
ratio for sea urchin egg AK was 0.97 for arginine and 0.91 for MgATP, which indicated 
that synergism was absent.   
 A summary of the kinetic constants for both directions can be found in Table 8 
 
The Effect of Monovalent Anions 
 Previous studies (Milner-White and Watts, 1971) showed that planar 
monovalent anions could inhibit arginine kinase activity by stabilizing the dead-end 
complex (Enzyme • MgADP • Arginine).  Time courses using several different 
monovalent anions were run using the pH stat assay, to examine possible effects on sea 
urchin egg AK.  The resulting time courses (Figure 32) showed that acetate had a slight 
activating effect, while the remaining anions had inhibitory effects.  Iodide, chloride, and 
thiocynate all had slight inhibitory effects, while nitrate and nitrate both showed 
substantial inhibition of sea urchin egg AK.  Table 9 shows the percent inhibition found 
for each monovalent anion tested. 
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Figure 26: Effect of Phosphoarginine 
The reaction mixture contained varying concentrations of phosphoarginine and fixed 
concentrations of ADP.  The Mg
2+
 ion was maintained in 2.7 mM excess.  Activity was 
measured using the reverse spectrophotometric assay. 
(•) 3.0 mM ADP, ( ) 2.0 mM ADP, (▼) 0.5  mM ADP, ( ) 0.2  mM ADP, (■) 0.125 
mM ADP 
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Figure 27: Effect of ADP 
The reaction mixture contained varying concentrations of ADP and fixed concentrations 
of phosphoarginine.  The Mg
2+
 ion was maintained in 2.7 mM excess.  Activity was 
measured using the reverse spectrophotometric assay. 
 
(•) 3.0 mM Arg~P, ( ) 2.0 mM Arg~P, (▼) 0.75 mM Arg~P, ( ) 0.5 mM Arg~P 
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Figure 28: Secondary Plot for the Reverse Direction (Formation of Arg and ATP) 
The secondary plots were obtained from the intercept data from figures 17 and 18. 
(•) 1/Vmax Arg~P, ( ) 1/Vmax ADP, 
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Figure 29: Effect of Arginine 
The reaction mixture contained varying concentrations of arginine and fixed 
concentrations of ATP.  The Mg
2+
 ion was maintained in 1.0 mM excess.  Activity was 
measured using the pH stat assay. 
 
(•) 0.75 mM ATP, ( ) 0.5 mM ATP, (▼) 0.25  mM ATP, ( ) 0.125  mM ATP, (■) 
0.0625 mM ATP 
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Figure 30: Effect of ATP 
The reaction mixture contained varying concentrations of ATP and fixed concentrations 
of arginine.  The Mg
2+
 ion was maintained in 1.0 mM excess.  Activity was measured 
using the pH stat assay. 
 
(•) 2.0 mM Arg, ( ) 1.0 mM Arg, (▼) 0.5  mM Arg, ( ) 0.25  mM Arg, (■) 0.1667 
mM Arg 
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Figure 31: Secondary Plot for the Forward Reaction (Formation of Arg~P and ADP) 
The secondary plots were obtained from the intercept data from figures 20 and 21. 
(•) 1/Vmax Arg, ( ) 1/Vmax ATP 
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Table 8: Kinetic Constants for both the Forward and Reverse Reactions 
 
Kbi
argP 
Kter
argP 
Kbi
argP
/Kter
argP 
Kbi
MgADP
 Kter
MgADP
 Kbi
MgADP
/Kter
MgADP 
1.30 
±0.14 
1.31 
±0.12 
0.99 
0.06 
±0.02 
0.06 
±0.02 
1.00 
Kbi
arg 
Kter
arg 
Kbi
arg
/Kter
arg 
Kbi
MgATP 
Kter
MgATP
 Kbi
MgATP
/Kter
MgATP 
0.34 
±0.09 
0.35 
±0.10 
0.97 
0.10 
±0.03 
0.11 
±0.04 
0.91 
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Figure 32: Monovalent Anion Time Courses 
Time course curves for sea urchin egg AK in the presence of 50 mM anions were 
obtained using the pH stat assay. 
(—) No Anion, ( — — —) Chloride, (– – – –) Iodide, (- - - - ) Nitrite, (⋅⋅⋅) Acetate, (-⋅-⋅-⋅) 
Thiocynate, and (–⋅⋅–⋅⋅–⋅⋅–) Nitrate 
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Table 9: Percent Inhibition of Various Monovalent Anions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Percent Inhibition 
Monovalent Anion (50 mM) 
 
Sea Urchin AK 
 
Nitrate 99 
 
Iodide 3 
 
Chloride 7 
 
Thiocyanate 21 
 
Nitrite 96 
 
Acetate 0 
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Nitrate Inhibition 
Further analysis of the effect of nitrate on the activity of sea urchin egg AK was pursued 
due to the extreme inhibitory effect nitrate had shown in previous experiments. Varying 
concentrations of nitrate were tested using the pH stat method (Figure 33).  Significant 
inhibition (70%) of sea urchin egg AK is observed in the presence on 6.25 mM nitrate.  
The lowest concentration tested (1.23 mM nitrate) showed a 20% inhibition of enzymatic 
activity.  Figure 34 shows the percent inhibition as a function of each concentration of 
nitrate tested. 
Renaturation After Denatuarion 
 After denaturation in varying concentrations of guanidinium hydrochloride (4.0 M 
– 0.5 M), sea urchin egg AK did not exhibit any reactivation within 30 minutes.  
Attempts to reactivate the denatured enzyme in situ, i.e. directly in the activity assay, 
were uniformly unsuccessful. 
 
Molecular Biology 
 
Design of Degenerate Primers 
 The results of the blockmaker and codehop programs identified several candidate 
sequences for degenerate primers.  Four sequences were chosen as the degenerate 
primers.  These degenerate primers were identified by the block they belonged to from 
the blockmaker results and the direction in which the primer was made.   
The four primers allowed for the isolation of either a ~300 bp insert sequence or a 
~150 bp sequence. 
Block C Forward: 5’-GCA GCA GCT GAT CGA CGA YCA YTT YYT-3’ 
 Block D Forward: 5’-CCT TCC TGG TGT GGT GCA AYG ARG ARG AYC-3’ 
 Block D Reverse: 5’-GAT GAT CCG CAG GTG GTC YTC YTC RTT-3’ 
 Block E Reverse: 5’-CAT GGT GGT CCC CSG GTT NSW NGG RCA-3 
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Figure 33: Varying Nitrate Concentrations Time Courses 
Time courses for various nitrate concentrations were obtained using the pH stat assay. 
(—) 0.0 mM Nitrate, ( — — —) 50 mM Nitrate, (– – – –) 25 mM nitrate, (- - - - ) 6.25 mM 
Nitrate, (⋅⋅⋅) 3.123 mM Nitrate, and (-⋅-⋅-⋅) 1.56 mM Nitrate  
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Figure 34: Percent Inhibition of Various Nitrate Concentrations 
The Initial velocities from each of the time course in Figure 33 were calculated and then 
compared with the initial velocity of the enzyme when no nitrate was present.  The 
percent inhibition was then calculated and plotted for each nitrate concentration. 
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Insert Sequence PCR and Sequencing 
 A ~300 bp insert sequence was obtained by PCR, using the degenerate 
primers Block C Forward and Block E Reverse.  Blast results of the insert sequence 
revealed the sequence as homologous to sea cucumber AK and CK from a variety of 
species. 
5’-
CTTTGAGAAACCCGTCTCACGTCATTTCCAGAGCGGTGGTATGGCAAG
GGACTTCCCCGATGGGCGTGGCATCTGGCACAATTCCAACAAGACATT
CTTGGTGTGGATCAACGAAGAGGATCAGACTCGTATCATCTCGATGCA
GCAGGGAGGAAATATGAAGGCAGTCTTTGAGAGATTCTGCTCTGGTCT
TAGTAAGGTGGAGGAAAAAATCAAGGAGCAAGGAAAGGAGTTCATGT
GGAAC 
-3’ 
 
 
Design of 5’ and 3’ primers 
 The primers for the 5’ and 3’ ends of sea urchin egg AK were determined 
from the data available from the sea urchin genome.  The insert sequence previously 
determined, helped to identify the regions of the genome containing a possible AK gene.  
The possible 5’ and 3’ ends were identified and primers were made.  The 3’ primer was 
made with an Xma 1 restriction site to enable ligation into the PQE30Xa vector in 
subsequent steps. 
5’ Primer: 5’-GCG AAT CTG AAG CAG CTC AAC TTC GAT-3’ 
 3’ Primer: 5’-CCC GGG CTA CGT ACT TGT GCC ACG 
 
 
 
5’ and 3’ PCR and Sequencing 
 The sequence between the 5’ and 3’ primers was isolated using PCR and 
sequenced by the Molecular Biology Core Facility at Moffitt Cancer Center.  Blast results 
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confirmed the sequence isolated as being homologous to both AK from the sea cucumber 
and CK from a variety of species. 
5’- 
GCGAATCTGAAGCAGCTCAACTTCGATGCCAGTGAAGACTATCCTGAA
TTTGCCGGACATCACAGTCTTCTAGCCAAACACTGCACAAAGGAAATC
TACGCGAAGCTTCGTGACGTTCAGACTCCGTCTGGTTACACAATTGAC
AGGGCCATTCAAAATGGCGTTGACAACCCAGATTTCCATGTGGGTATT
CTTGCCGGTGACGAGGAATGCTATACTGTATTTGCTGAGCTTTTTGACA
AGGTCATCGAGGAATATCACAACGGATTTAAAACAACAGACAACCAC
AAGACTGATTTGGACCCGACTAAGCTTGAAGGTGGACAACTTGATGAT
GACTACGTGGTGAGCTCTCGTATCAGGACTGGACGTAACATCAAGGGT
ATTGCTCTCTCACCTCATATCGCTAGGTGCGAGAGGCGACAGGTCGAA
AAACTGGTTTCAGAAGCGCTGTGCTCATTGTCTGATGAGTTTGAAGGT
AAATATTACCCTATACCCAACATGACCCCAGAGGACCAGCAGCAGTTG
ATTGATGATCACTTCCTCTTTGAGAAACCCGTCTCACGTCATTTCCAGA
GCGGTGGTATGGCAAGGGACTTCCCCGATGGGCGTGGCATCTGGCACA
ATTCCAACAAGACATTCTTGGTGTGGATCAACGAAGAGGATCAGACTC
GTATCATCTCGATGCAGCAGGGAGGAAATATGAAGGCAGTCTTTGAG
AGATTCTGCTCTGGTCTTAGTAAGGTGGAGGAAAAAATCAAGGAGCA
AGGAAAGGAGTTCATGTGGAACGAGCATCTTGGATTCATTTTGACCTG
CCCTACAAACCTTGGTACTGGAGTCCGATGCAGTGTCCACGTCAGGAT
TCCAAACCTAGCCAAGGACGAGCGATGCAAGGCTATCATGGGAGCTC
TACGTCTACAGATGCGTGGCACAAGT 
-3’ 
 
 
5’-3’ Over-Expression 
 The sequence between the 5’ and 3’ primers was then ligated into the 
PQE30Xa vector and placed in Rosetta Blue E. coli cells for over-expression.  Figure 35 
shows the results of the over-expression.  The over-expressed protein was then purified 
and Figure 36 shows the results of that purification.  Attempts to test the activity of the 
recombinant enzyme using the reverse direction, enzyme-linked, spectrophotometric 
assay were unsuccessful.  These results could be due to the fact that the insert sequence is 
not the full length AK gene and as a result is missing an amino acid residue (Glu363 
numbering based on Limulus AK) that has been implicated in arginine binding. 
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Sequence Alignment/Homolgy 
 The alignment of the deduced sequence for AK from sea urchin eggs was aligned 
with three separate sequences.  Alignment with monomeric AK from Limulus resulted in 
~40% homology, while alignment with dimeric CK from the rabbit resulted in ~60% 
homology.  The alignment of sea urchin egg AK to dimeric AK from the sea cucumber 
resulted in the greatest homology, ~71%. 
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Figure 35: Over-expression of 5’-3’ insert over 3 hours 
Over-expression was induced by the addition of IPTG to a final concentration of 1 mM.  
Samples were taken every hour for 3 hours after induction and then analyzed by SDS-
PAGE. 
Lane 1- 3 hours after induction, Lane 2- 2 hours after induction, Lane 3- 1 hour after 
induction, Lane 4- Before induction, Lane 5-  Molecular Weight Marker 
 
 
 
 
 
 
 
 
 
 
 
 
 
1         2         3          4           5 
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Figure 36: Purification of Over-expression of 5’-3’ Insert 
The over-expressed protein was purified from the E. coli cells.  The inclusion bodies 
(which contained the majority of over-expressed protein) were separated and then 
solubolized.  The over-expressed protein was then purified using Ni-NTA agarose. 
Lane 1- Molecular Weight Markers, Lane 2- Before Induction, Lane 3- After Induction, 
Lane 4- Flow Through, Lane 5- pH 6.5 Wash #1, Lane 6- pH 6.5 Wash #2, Lane 7-pH 
5.9 Wash, Lane 8-pH 4.5 Wash 
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Chapter 4: Discussion 
 
 The evolution of the phosphagen kinases has been studied for over 30 years 
(Ellington, 2001), and the evolutionary relationship between the phosphagen kinases still 
requires further elucidation.  The study of the physical characteristics and DNA sequence 
of a dimeric arginine kinase from an echinoderm can help in this elucidation.  The use of 
sea urchin eggs as the source of the arginine kinase was chosen for the large amount of 
eggs obtainable from the Strongylocentrotus purpuratus and the occurrence of arginine 
kinase as the only phosphagen kinase in the eggs. 
 
Purification and Quaternary Structure 
 The purification and molecular weight determination for an enzyme is one of the 
first steps in comparing two enzymes -- in the present study arginine kinase and creatine 
kinase.  Arginine kinase (AK) from sea urchin (Strongylocentrotus purpuratus) eggs was 
purified to homogeneity.  The purification resulted in a yield of 33%, which is 
comparable to the 24.5% yield found by Ratto and Christen (1988), who purified AK 
from sea urchin (Paracentrotus lividus) eggs.  The subunit composition of the sea urchin 
(S. purpuratus) egg AK was found to be an 80 kD dimer, which correlates to results 
found for other echinoderms (Ratto & Christen, 1988, Guo, et al., 2003, Seals & 
Grossman, 1988).  This type of quaternary structure and molecular weight is extremely 
common among the creatine kinases (Watts, 1973), while the quaternary structure and 
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molecular weight of the arginine kinases is more variable (Morrison, 1973; Seals & 
Grossman, 1988; Ratto & Christen, 1988; Guo, et al., 2003; Suzuki, et al., 1998; Suzuki 
& Yamamoto, 2000; Suzuki, et al., 2002; Yamamoto, 2000).  The distribution of 
molecular weights and subunit composition of various phosphagen kinases can be seen in 
Table 10.  It is important to note that there are exceptions to the general trends seen in 
Table 10.  The CK isolated from the heads of sea urchin sperm has been found to be a 
monomer with a molecular weight of 145 kD (Tombes & Shapiro, 1987) and arginine 
kinase from the annelid, Sabella pavonina, has been found to be a tetramer with a 
molecular weight of 150 kD (Robin et al., 1975).  The molecular weights and subunit 
compositions for all of the enzymes listed in Table 10 and for AK from S. purpuratus 
eggs were determined under both native and denaturing conditions.  Enzymes which have 
the same molecular weight under native and denaturing conditions would be monomers, 
while those with differing molecular weights under native and denaturing conditions 
would be multimeric.  The most common methods for determining this information are 
polyacrylamide gel electrophoresis in the presence of SDS for the molecular weight 
under denaturing conditions and the use of gel filtration chromatography for the 
molecular weight under native conditions.  However, other methods for determining the 
molecular weight and subunit composition are available.  Rosenthal et al. (1977) used 
sedimentation equilibrium centrifugation to determine the molecular weight under native 
conditions.    An evolutionary relationship between the creatine and arginine kinases can 
be inferred from the similarities in quaternary structure between the creatine kinases and 
the dimeric arginine kinases from the Echinoderms.  
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Table 10: Molecular Weight/Subunit Composition of Some Phosphagen Kinases  
Species 
Molecular  
Weight 
Number of  
Subunits 
References 
Shark Muscle CK 
(Vertebrate) 
Ginglymostoma cirratum 
~86 kD 2 Gray et al., 1986 
Monkey Muscle CK 
(Vertebrate) 
Colobus verus 
82 kD 2 Grossman & Mollo, 1979 
Cockroach AK  
(Arthropod) 
Periplaneta americana 
43 kD 1 Brown et al., 2004 
Tobacco hornworm AK 
(Arthropod) 
Manduca sexta 
40 kD 1 Rosenthal et al., 1977 
Sea Cucumber AK 
(Echinoderm) 
Stichopus japonicus 
84 kD 2 Suzuki et al., 1999 
Sea Urchin Egg AK 
(Echinoderm) 
Paracentrotus lividus 
81 kD 2 Ratto & Christen, 1988 
Clam AK 
(Bivalve) 
Solen strictus 
80 kD 1 Suzuki et al., 2002 
Clam AK 
(Bivalve) 
Corbicula japonica 
80 kD 1 Suzuki et al., 2002 
 
pH Optima and Isoelectric Point 
The pH optima, temperature stability, and isoelectric points are physical 
characteristics of enzymes which can help in identifying which characteristics are due to 
environmental factors, evolution, or a combination of both.  Both the pH optima and the 
isoelectric point of arginine kinase from S. purpuratus eggs help in further analyzing the 
relationships seen between the phosphagen kinases.   The pH optima for AK from S. 
purpuratus eggs were found to be 6.7 in the reverse direction (formation of ATP) and 8.0 
in the forward direction (formation of ADP).  The isoelectric point for S. purpuratus eggs 
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AK was found to be 6.71.   These results agree with pH optima and isoelectric point 
values determined for other phosphagen kinases.  The pH optima for AK and CK from a 
variety of species in the reverse direction range from 5.0-7.0 (France et al., 1997; Brown 
et al., 2004; Watts, 1973), while in the forward direction the pH optima ranges from 7.5-
9.5 (France et al., 1997; Brown et al., 2004; Seal & Grossman, 1988; Watts, 1973).  For 
CK and AK the isoelectric point ranges from 4.8 – 7.8 (Wright-Weber et al., 2006; Li et 
al., 2006; Seal & Grossman, 1988, Virden et al., 1965; Grossman & Mollo, 1979).  The 
range for the isoelectric points is greater than the range for the pH optima.  While both 
characteristics can depend on the sequence identity and the amino acids exposed to the 
solvent, the pH optima would be more affected by changes that occur in the active site of 
the enzyme, while the isoelectric point is more affected by all of the amino acids which 
are solvent exposed.  The isoelectric point is due in part to both the amino acid 
composition and the sequence of the amino acids exposed to the solvent (Wright-Weber 
et al., 2006).   Therefore small changes in sequence can affect the isoelectric point 
without having an effect on the pH optima.  Within the arginine kinases there is a trend 
for monomeric enzymes to have a more acidic isoelectric point, e.g. 6.3 for locust AK (Li 
et al., 2006) and 5.8 for cockroach AK (Wright-Weber et al., 2006) and the dimeric 
enzymes to have a more basic isoelectric point, e.g. 7.8 for the sea cucumber (Seals & 
Grossman, 1988) and 6.71 for S. purpuratus eggs.  The same trend is not seen in the CK 
enzymes.   
The pH optima reveal the pH at which the enzyme is maximally active.  The 
influence relates most closely to effects on the active site.  While it is true that changes to 
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the structure of the enzyme (not the active site) due to pH could have an effect on the 
active site, the changes seen in the charges associated with amino acids in the active site 
(due to their pKa values) likely have the most rapid and dramatic effect on the enzyme 
activity.  The pH optima values for the forward and reverse direction are usually more 
basic or acidic than neutral, respectively.  This is an important point because biological 
systems are most commonly maintained at a pH of 7.0.  Hochachka and Somero (1984) 
hypothesize that the pH of 7.0 for biological systems was “chosen” based on the pK 
values for the imidazole group of histidine, which at ~25
o
C are close to pH 7.0.  This 
would mean that at normal physiological pH the imidazole groups would be half 
protonated and half deprotonated.  This half and half mixture was hypothesized to be 
important for the reversibility of many enzymatic reactions.  Proteolytic enzymes, for 
example, are essentially unidirectional enzymes.  One of the reasons for this may be that 
proteolytic enzymes are generally found at acidic pH values which ensure that the 
imidazole groups of histine are almost always protonated, allowing for peptide bond 
cleavage.  Hochachka and Somero (1984) caution that the pK values for histidine can be 
affected by as much as one pH unit depending on the surrounding amino acids.  
However, the overall hypothesis for the “choice” of pH 7.0 for biological systems is 
valid, since many reversible enzymes contain histidine in their active sites which may 
function in catalysis for the enzymatic reaction.  The presence of histidine in these 
enzymes and its associated pK value therefore may have been one of the factors in 
determining the pH for many biological systems.  This is important for the phosphagen 
kinases since these enzymes are in fact reversible and contain a histidine in their active 
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sites (Zhou et al., 2000; Uda & Suzuki, 2004).  The reasons why the forward reaction is 
slightly more basic and the reverse reaction slightly more acidic for the phosphagen 
kinases are not know.  The reason could be a simple as production of ATP from ADP 
releases a proton, which would act to the lower the pH.  If a system has sufficient or 
excess levels of ATP, the pH would be slightly lower favoring synthesis of the 
guanidino-phosphate and inhibiting the production of more ATP.  The pH optima and 
isoelectric point for AK from S. purpuratus eggs fall within the range of those for other 
AK and CK enzymes, further indicating an evolutionary relationship and functional 
significance.   
Temperature Stability 
 The temperature stability for both the arginine and creatine kinases appear to be 
extremely variable.  For S. purpuratus eggs 50% loss of activity was seen by 27
o
C when 
heated for 10 minutes.  This is much lower than for the cockroach AK enzyme which 
does not exhibit 50% loss of activity after 10 minutes of heating until 50
o
C (Brown et al., 
2004).  The same type of variability can be seen in the creatine kinases, with monkey 
CK-MM retaining 50% of its activity at 60
o
C after 10 minutes of heating and monkey 
CK-BB losing 50% of its activity after heating for 10 minutes at 50
o
C (Grossman & 
Mollo, 1979).  These results indicate that the temperature at which on organism maintains 
its body temperature may have been one the important factors in determining the 
temperature stability of various phosphagen kinases.  This is demonstrated most 
dramatically when comparing the difference between the cockroach temperature stability 
and the S. purpuratus eggs temperature stability.  The cockroach which maintains a 
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warmer body temperature than does the sea urchin has a higher thermal stability than the 
sea urchin eggs.  Table 2 shows the temperature stabilities for a variety of species.  
Organisms such as the sea cucumber (C. arenicola) and shrimp (P. aztecus), along with 
the sea urchin exhibit 50% activity loss at lower temperatures than other organisms.   
Immunogenic Cross Reactivity 
 Immunogenic cross reactivity is a characteristic which depends upon the presence 
of a specific epitope that matches a specific antibody.  Previous research by Wright-
Weber et al. (2006) indicated that a polyclonal antibody against sea cucumber dimeric 
AK, showed cross reactivity with dimeric AK and CK enzymes, but not with monomeric 
or multimeric AK or CK enzymes.  These findings would indicate that the epitopes of the 
dimeric enzymes are more similar to each other regardless of substrate specificity, than to 
a monomeric enzyme with the same specificity.  However, it is important to note that 
some polyclonal antibodies made against muscle CK cross-reacted with M-type CK but 
not with B-type CK (Eckert et al., 1980).  The difference in the cross-reactivity of the 
polyclonal CK antibody to the polyclonal AK antibody from the sea cucumber could be 
due to the epitopes that create the strongest immune response, i.e. in muscle CK the 
epitopes that create the strongest response are more specific for M-type CK and in sea 
cucumber AK the epitopes that create the strongest response are more specific to some 
general structure found in dimeric phosphagen kinases.   Sea urchin egg (S. purpuratus) 
AK shows cross reactivity with the sea cucumber AK antibody.  Also, a polyclonal 
antibody created against the S. purpuratus egg AK showed cross reactivity with dimeric 
AK from the sea cucumber, but not with monomeric AK from the shrimp.  The 
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immunogenic cross reactivity suggests that the three dimensional structure of the epitopes 
for the dimeric AK enzyme is homologous to that of the dimeric CK enzyme epitopes.  
This could indicate a closer evolutionary relationship between the dimeric CK enzymes 
and dimeric AK enzymes than between monomeric AK enzymes and dimeric AK 
enzymes. 
Substrate Specificity 
 Seven substrates were tested and only two showed activity with arginine kinase 
from S. purpuratus eggs.  Both L-arginine, which is believed to be the natural substrate 
for arginine kinase, and L-canavanine showed activity.  L-canavanine exhibited ~27% of 
the activity seen for L-arginine.  Arginine kinases from both the sea cucumber, I. 
badonotus, (Wright-Weber et al., 2006) and the American cockroach, P. americana, 
(Brown & Grossman, 2004) also exhibited substrate specificity with only L-arginine and 
L-canavanine.  Watts (1973) reported that creatine kinase from rabbit muscle exhibited 
activity with creatine and glycocyamine, one of seven naturally occurring phosphagens.  
Further studies with synthetic phosphagens showed that creatine kinase from rabbit 
muscle exhibited activity with 1-Carboxymethyl-2-iminoimidazolidne (31%) and with N-
Methyl-N-amidinoaminomethylphosphinic acid (13%).  L-canavanine was not one of the 
substrates tested by Watts.  Morrison (1973) speculated that the phosphagen kinases 
could be divided into two catagories: those with narrow substrate specificity and those 
with a somewhat broader substrate specificity.  The suggestion by Morrison (1973) was 
supported by the finding that GK, HK, LK, and TK all showed activity with more than 
one of the seven naturally occurring substrates.  Taurocyamine kinase showed the 
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greatest amount of substrate diversity, exhibiting activity with glycocyamine, 
hypotaurocyamine, lombricine, and taurocyamine (Morrison, 1973).  Arginine kinase did 
not display any activity with the naturally occurring substrates tested.  This led Morrison 
(1973) to conclude that AK fell into the enzyme category for the narrow substrate 
specificity.  The reason for the differences seen in the substrate specificity for the 
phosphagen kinases is not known.  Figure 37 shows the binding sites for arginine and 
creatine in AK and CK respectively. 
 
Figure 37:  Binding Site for Arginine and Creatine in Arginine and Creatine Kinases 
a. The binding site for arginine in AK from Limulus (Figure obtained from Uda & 
Suzuki, 2004).  b. The binding site for creatine in CK from Torpedo (Figure obtained 
from Uda & Suzuki, 2004).  Both figures were constructed using a SwissPdViewer 
(http://kr.expasy.org/spdbv/) and the TSAC structures of Limulus AK (Zhou et al., 1998) 
and Torpedo CK (Lahiri et al., 2002). 
 
Hybridization 
 The hybridization of subunits from different species to form a heterodimeric, 
active enzyme is an indication of homology not only in sequence but also in three 
dimensional structure.  Previously, Seals & Grossman (1989) were able to form an 
a. b. 
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AK/CK heterodimer.  A heterodimer was also formed between two dimeric arginine 
kinases (S. purpuratus and I. badonotus), with one subunit from each species.  The 
formation of these hybrids reveals the similarities between the dimeric creatine and 
arginine kinases, further supporting the strong evolutionary relationship between the two 
phosphagen kinase enzymes. 
Synergism 
Synergism is a type of cooperativity in which the binding of one substrate 
influences the binding of the second substrate, in a bi-substrate reaction.  In the case of 
dimeric enzymes, cooperativity could be found not only in substrate binding in one 
subunit but in the other subunit as well (Hornemann et al. 2000).  The binding of 
substrate to one subunit could influence the binding of substrate to the other subunit in a 
dimeric enzyme.  Throughout the phosphagen kinases synergism can be found.  Both 
monomeric and dimeric enzymes have been found to display synergism with varying 
intensities.  As a general rule synergism is found in almost all of the dimeric creatine 
kinases, while for the arginine kinases synergism seems to be more variable.  The 
appearance of synergism in the dimeric creatine kinases led researchers to hypothesize 
that there must be some relationship between the dimeric state and synergism (Watts et 
al., 1968).  Hornemann et al. (2000) suggested that synergistic cooperativity in CK could 
provide a form of regulation to the enzyme.  In the study by Hornemann et al. (2000), CK 
from the chicken was found to have cooperativity in the forward reaction (formation of 
ADP) but not in the reverse reaction (formation of ATP), for the wild-type enzymes.  
Hornemann et al. (2000) made CK mutants which had one subunit on the CK dimer 
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inactivated.  These mutants showed the same cooperativity in the forward direction, but 
they also showed cooperativity in the reverse direction.  This cooperativity in the reverse 
direction was not seen in the wild-type enzymes.  This led Hornemann et al. (2000) to 
hypothesize that the subunits worked independently of each other in the forward 
direction, since the same results were found for the wild-type and mutant enzymes, and 
that the subunits worked together in the reverse direction, since the results varied between 
the wild-type and mutant enzymes.  The cooperativity between the subunits could be an 
advantage for the dimeric state as opposed to the monomeric state.  The cooperativity or 
lack of cooperativity between the subunits in dimeric CK could allow the enzyme to 
function more efficiently in one direction or less efficiently in another direction based on 
changes in the cellular environment.  In the case of the dimeric AK from S. purpuratus 
eggs no synergism is found.  The ratio of the intrinsic KM to the apparent KM is one, 
which indicates no cooperativity.  However, other dimeric AK enzymes have been found 
to show synergism (Anosike et al., 1975).  The presence or absence of synergism could 
then be said to indicate a closer relationship to dimeric CK than monomeric AK for 
dimeric arginine kinases which exhibit synergism, however the presence of synergism in 
monomeric arginine kinases such as the lobster (Virden et al., 1965) would make that 
hypothesis suspect.  However, cooperativity is seen more often in dimeric CK than in 
monomeric AK.  Also, when reporting amounts of synergism in an enzyme it is important 
to look at the assay being used and the conditions under which the enzyme is being 
tested.  Variations in each of those parameters could lead to incorrect comparisons.  
However, with the data available it appears that dimeric CK almost always shows 
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synergism, dimeric AK sometimes shows synergism, and monomeric AK rarely shows 
synergism.  The reason behind the appearance of synergism in the phosphagen kinases is 
still unknown and further research is needed. 
Table 11:  Synergism in Phosphagen Kinases 
Species Synergism Reference 
Sea Cucumber AK 
Holothuria forskali 
Yes Anosike et al., 1975 
Oyster AK 
Crassostrea 
Yes Fujimoto et al., 2005 
Sea Urchin Egg AK 
Strongylocentrotus purpuratus 
No  
Lobster AK 
Homarus vulgaris 
Yes Virden et al, 1965 
Cockroach AK 
Periplaneta americana 
No Brown & Grossman, 2004 
Fish CK 
Danio rerio 
Yes Uda & Suzuki, 2004 
Chicken CK 
 
Yes Hornemann et al, 2000 
Rabbit CK 
 
Yes Watts, 1973 
 
Kinetic Characteristics 
 The kinetic constants used in determining the degree of synergism found in the 
phosphagen kinases can be somewhat variable. Both the intrinsic and apparent KM values 
for creatine and creatine phosphate in CK enzymes are higher than those for arginine and 
arginine phosphate in the AK enzymes.  The KM values for creatine as a substrate range 
from 4.63 mM – 21.0 mM (Watts, 1973; Morrison & James, 1965; Chen et al., 1996; 
Hornemann et al., 2000; Edmiston et al., 2001), while the KM values for arginine as a 
substrate range from 0.27 mM – 1.7 mM (Anosike et al., 1975; Seals & Grossman, 1988; 
Brown & Grossman, 2004; Fujimoto et al., 2005; Li et al., 2006).  The KM values for S. 
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purpuratus egg AK falls within the range of other known arginine kinases at 0.34 mM.  
The difference in KM for the arginine and creatine substrates in the CK and AK enzymes 
could be due to differences in substrate demands.  In the case of arginine as a substrate, 
arginine is not only used in the reaction of arginine kinase; it is also used in synthesis of 
amino acids, production of urea, and other metabolic processes.  On the other hand, 
creatine is primarily used only for reaction with the creatine kinase enzyme.  This 
difference in demand on the substrates (the higher demand for arginine in other reactions 
versus the lower demand on creatine kinase for other reactions) could explain why the 
KM values for arginine as a substrate are much lower than the values for creatine as a 
substrate.  The lower KM values for arginine would ensure a tighter binding for arginine, 
possibly making it less likely to be removed from the arginine kinase reaction for reaction 
in some other enzyme system.  Moreland et al. (1967) note that creatine is formed 
through the transamidation of arginine to glycine, which means that there is no overall 
direct sparing effect for the amount of arginine used.  However, the use of creatine as 
opposed to arginine does isolate the substrate for the creatine kinase reaction from the 
rest of amino acid metabolism.  The KM values for ATP and ADP are much more 
comparable between the creatine and arginine kinases.  For the creatine kinases the KM 
for ATP ranges from 0.33 mM – 3.26 mM (Watts, 1973; Morrison & James, 1965; Chen 
et al., 1996; Hornemann et al., 2000; Edmiston et al., 2001), while for the arginine kinase 
the KM for ATP ranges from 0.14 mM – 3.04 mM (Anosike et al., 1975; Seals & 
Grossman, 1988; Brown & Grossman, 2004; Fujimoto et al., 2005; Li et al., 2006).  The 
KM for ATP from S. purpuratus egg AK is 0.10 mM which is similar to values seen for 
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other arginine and creatine kinases.  The similarity in KM values for ATP in both the 
creatine and arginine kinases could be explained by the fact that ATP is used for a great 
many processes in almost all organisms.  Therefore, the demand for ATP is greater and 
both the arginine and creatine kinase genes must compete for use of this resource.  The 
wide ranges seen in the KM values for all the substrates could also be due to assay 
differences.  However, it is clear that the arginine and creatine kinase enzymes have 
different KM values for different substrates most likely due to differences in substrate 
demand.  The difference in substrate demand has been suggested as one of the reasons for 
conversion from an arginine based system to a creatine based system (Moreland et al., 
1967). 
Monovalent Anions 
 Certain planar monovalent anions will inhibit the arginine and creatine kinase 
reactions and stabilize the formation of a dead-end complex (enzyme-MgADP-
phosphagen), and certain monovalent anions (e.g. nitrate) can mimic the phosphate in the 
phosphor-transferase reaction.  Milner-White & Watt (1971) showed that creatine kinase 
was inhibited by monovalent anions such as chloride and nitrate.  These results were also 
obtained by Buttlaire & Cohn (1974) for lobster AK and by Brown & Grossman (2004) 
for cockroach AK.  On the other hand, Anosike and Watts (1975) found that both a 
dimeric AK from a sea cucumber and a monomeric AK from the lobster were activated 
by the acetate anion.  All of these results are seen with the S. purpuratus egg AK.  The 
inhibition by nitrate is especially profound.  Chloride shows a slight inhibition, while a 
slight activation is seen with the acetate anion.  This similarity in inhibition by 
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monovalent anions for both arginine and creatine kinases indicates that the mechanism by 
which each of the enzymes catalyze there specific reactions is similar.  The formation of 
the dead-end complex would be dependent on the binding requirement of the active site.  
The more similar this requirement between the two enzymes, the more comparable the 
inhibitions.   
There are differences in the amount of inhibition seen by the monovalent anions.  
For example, nitrate is much more inhibitory for S. purpuratus egg AK than it is for 
creatine kinase (Milner-White & Watts, 1971), which can be indicative of minor 
differences in the active site binding.  These differences could be as simple as the size of 
the active site, creatine is a smaller substrate than arginine, or it could be due to 
differences in the amino acids present in the active site.  Research by Uda & Suzuki 
(2004) revealed some of the different amino acids used in arginine and creatine binding.  
Arginine binding in arginine kinase involves seven amino acids: Ser
63
, Gly
64
, Val
65
, 
Tyr
68
, Glu
225
, Cys
271
, and Glu
314
.  These results were obtained using the Limulus AK 
sequence and crystal structure.  For a dimeric AK from a sea cucumber (Stichopus), there 
are a few replacements in arginine binding amino acids: Phe
63
 for Ser
63
, His
64
 for Gly
64
, 
Leu
65
 for Val
65
 and Leu
68
 for Tyr
68
.  In creatine kinase Ile
69
 and Val
325
 (numbering from 
the sequence for Torpedo CK) have been found to be involved in optimal creatine 
binding (Lahiri et al., 2002).  Uda and Suzuki (2004) also identified Val
75
 and His
66
 as 
amino acids important in creatine binding.  These types of changes could account for the 
differences seen in the inhibition by monovalent anions. 
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Structural Similarities 
 The similarities between the structures of monomeric AK and dimeric CK can be 
seen in Figure 7.  Using this structure, amino acids possibly involved in dimerization 
were identified.  Amino acids located at the subunit-subunit interface were located and 
then analyzed for their likelihood to be involved in dimerization.  Characteristics such as 
hydrophobicity and hydrogen bonding ability were used for this analysis.  From this 
analysis several amino acids were identified: Trp
10
, Lys
11
, Leu
12
, Asn
13
, Tyr
14
, Pro
144
, 
Ser
147
, Arg
148
, Gly
149
, Glu
150
, Arg
151
, Arg
152
, and Leu
153
.  Aligning the sequences (Figure 
38) used to create the superimposed structure in Figure 7 and the deduced amino acid 
sequence for S. purpuratus AK it was determined that dimeric CK and dimeric AK have 
the following residues conserved: Leu
12
, Asn
13
, Pro
144
, Arg
148
, Glu
150
, Arg
151
, and Arg
152
.  
Conservative mutations of Tyr
14
 to Phe and Lys
11
 to Gln were also seen in dimeric AK 
from S. purpuratus.  Monomeric AK, on the other hand, had only Pro
144
 as a conserved 
residue and conservative mutations of Glu
150
 to Gln and Arg
152
 to Lys.  These results add 
support to the proposal that the 60% difference in sequence between the monomeric 
arginine kinases and the dimeric creatine kinases could be due in part to amino acids used 
in dimerization as well as differences in amino acids used in substrate binding. 
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Figure 38: Sequence Alignment of Dimeric CK, Dimeric AK, and Monomeric AK 
Dimeric CK sequence obtained from PDB ID# 1VRP and Monomeric AK sequence 
obtained from PDB ID# 1RL9. CL_Torpedo: Dimeric CK sequence, AK_Sea: Sea 
Urchin AK from S. purpuratus., AK_Limulus: Monomeric AK sequence. 
 
Sequence Homology and Evolutionary Relationships 
 The strong sequence homology between arginine and creatine kinases suggests 
that these enzymes are in the same family.  Sequence analysis by Suzuki et al. (1999) 
showed that dimeric arginine kinase and dimeric creatine kinase were more homologous 
than (a) dimeric creatine kinase and monomeric arginine kinase and (b) dimeric arginine 
kinase and monomeric arginine kinase.  Dimeric arginine kinase from sea urchin, S. 
purpuratus, eggs shows ~60% homology to creatine kinase from rabbit muscle, while 
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showing  ~45% homology to arginine kinase from Limulus AK.  These results are 
consistent with the proposal that dimeric arginine kinases in the echinoderms evolved 
from dimeric CK and not monomeric AK (Suzuki et al., 1999).  The high sequence 
homology between the dimeric arginine kinases and the dimeric creatine kinases can also 
explain why antibodies made against a dimeric arginine kinase show a positive reaction 
with a dimeric creatine kinase.  The amino acids found in specific epitopes are more 
likely to be similar between the dimeric arginine and creatine kinases than between the 
monomeric arginine kinases and dimeric arginine kinases perhaps due to conformational 
similarities.  However, without the understanding of how the phosphagen kinases are 
distributed throughout the vertebrates and invertebrates and what the phylogenetic 
relationship between the vertebrates and invertebrates is, a complete understanding of the 
evolutionary relationship between the phosphagen kinases cannot be made.  Figure 39 
shows the phylogenic relationship of the vertebrates to several classes of invertebrates 
and protozoans.  The phosphagen kinases which appear in each class are mapped onto the 
phylogenetic tree in order to better understand the relationships between the phosphagen 
kinases.  From Figure 39 we observe that echinoderms are more closely related 
phylogenetically to vertebrates than to any other invertebrates.  Sponges which are one of 
the most basal organisms to have been studied for the occurrence of phosphagen kinases 
contain both arginine and creatine kinases.  This indicates that the primitive organism 
prior to sponges must have had both an AK and a CK.  The protozoan, Trypanosoma 
cruzi, has been found to contain monomeric AK, which could indicate that AK was the 
more primordial phosphagen.  However, the arthropods are thought to be the first hosts of 
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the Trypanosomes and therefore horizontal gene transfer might explain the appearance of 
monomeric AK within T. cruzi (Pereira et al., 2000).   
 
Figure 39:  Phylogenetic Tree of the Relationship of Vertebrates and Invertebrates 
 
 Another phylogenetic tree, Figure 40, was constructed using representative 
phosphagen sequences for a variety of vertebrate and invertebrate classes.  The sequences 
were aligned and a phylogentic tree was produced.  The results indicate that all of the 
arginine kinases cluster together with the exception of the dimeric arginine kinases found 
in echinoderms.  The echinoderm dimeric arginine kinases cluster with the creatine 
kinases from both vertebrates and invertebrates.  The arginine kinase found in Porifera 
(sponges) clusters by itself, while the creatine kinase found in Porifera clusters with the 
creatine kinases.  The fact that sponges contain both a creatine and an arginine kinase 
Protozoans: Monomeric 
Sponges: Dimeric AK, Dimeric CK 
Annelids: Monomeric AK, GK, LK, HK, 
TK, Tetrameric AK 
Molluscs: Two-Domain AK, 
Dimeric AK 
Insects: Monomeric AK 
Sea Urchins: Dimeric CK, Trimeric 
CK, Dimeric AK 
Sea Cucumbers: Dimeric CK, Trimeric 
CK, Dimeric AK 
 
Vertebrates: Dimeric CK 
Cnidaria: Monomeric AK 
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indicate that the ancestor of the sponges must have had both an arginine and a creatine 
kinase.  The protozoan, Trypanosoma cruzi, which contains a monomeric AK, clusters 
with the arginine kinases found in insects.  This indicates that horizontal gene transfer is 
probably the most likely cause of the occurrence of monomeric AK in these species.  The 
ability to determine the identity of which phosphagen kinase, arginine or creatine, 
evolved first is currently not available.  Without an organism basal to the sponges, the 
identity of the first phosphagen to evolve cannot be determined.  The presence of arginine 
and creatine kinase in the ancestor of the sponges is however confirmed. 
In 1997 Suzuki et al. identified a deletion region, in the amino acid sequence of 
the phosphagen kinases, which appeared to be related to substrate specificity.  This 
deletion was in the guanidine specificity (GS) region of the phosphagen kinase enzymes.  
Throughout the phosphagen kinases there was up to a five amino acid deletion in this 
region.  The size of the deletion was related to the size of the guanidino substrate used by 
its specific phosphagen kinase.  Glycocyamine kinase has no deletions in this region; 
creatine kinase has one amino acid deletion, and arginine and lombricine kinase have a 
five amino acid deletion.  The size of the deletions therefore appears to be related to the 
size of the substrate being used, i.e. glycocyamine and creatine which are smaller than 
arginine and lombricine.  Dimeric arginine kinase from S. purpuratus eggs does contain 
this five amino acid deletion.  The accumulation of this deletion is thought to be 
connected to the use of arginine as the specific substrate.  This means that if dimeric 
arginine kinase did indeed evolve from dimeric creatine kinase, the switch in substrate 
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specificity must have been due in part to the accumulation of the five amino acid deletion 
in GS region of the protein. 
 
Cockroach Monomeirc AK 
 
Honey Bee Monomeric AK 
 
Protozoan Monomeric AK 
 
Nematode Monomeric AK 
 
Bivalve AK 
 
Gastropod AK 
 
Mollusca Two-Domain AK 
 
Cnidarian Two-Domain AK 
 
Sea Urchin Dimeric AK 
 
Sea Cucumber Dimeric AK 
 
Sea Urchin Sperm Monomeric CK (150 kD) 
 
Cnidarian Cytoplasmic CK 
 
Cnidariam Mitochondrial CK 
 
Porifera Flagellar Dimeric CK 
 
Danio Dimeric CK 
 
Porifera AK 
 
Figure 40:  Phylogenetic Tree of a Variety of Phosphagen Kinases From Both 
Vertebrates and Invertebrates 
 
Conclusions  
The comparison of the physical characteristics and primary sequence of a dimeric 
arginine kinase from S. purpuratus eggs with the known dimeric creatine kinases and 
monomeric and dimeric arginine kinases has further explained the evolutionary ties 
between these enzymes.  Dimeric arginine kinase shares greater sequence homology with 
dimeric creatine kinase than monomeric arginine kinases.  The quaternary structure of the 
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dimeric arginine kinase and the dimeric creatine kinases can be similar (homodimers 
made up of two identical subunits).  Immunoreactivity of antibodies made against 
dimeric arginine kinase cross reacts with dimeric creatine kinases and dimeric arginine 
kinases but not with monomeric arginine kinases.  These results indicate that the 
structural composition of dimeric arginine kinase may be more closely associated with 
dimeric creatine kinase than with monomeric arginine kinase.   
Results of the kinetic studies of dimeric AK from S. purpuratus eggs reveal that 
greater similarity is seen between monomeric arginine kinase and dimeric arginine kinase 
than dimeric creatine kinase and monomeric arginine kinase.  This is revealed by the KM 
values for the phosphagen substrates.  The creatine kinases have a much higher KM value 
for their phosphagen than the arginine kinases have for their phosphagen.  Also, 
inhibition by monovalent anions indicates some differences between the arginine and 
creatine kinases.  While the same type of inhibition occurs throughout the family, the 
creatine kinases appear to be more significantly influenced than the arginine kinases by 
certain anions, such as chloride.  Conversely, the arginine kinases seem to be more 
profoundly affected by certain anions, such as nitrate.   
Overall, this compilation of data suggests that while dimeric arginine kinase from 
S. purpuratus eggs may be more structurally related to the dimeric creatine kinases, 
supporting the hypothesis that dimeric arginine kinase evolved from dimeric creatine 
kinase, the kinetics of the dimeric AK more strongly mimic those of the monomeric 
arginine kinases.  Small changes in the structure and make-up of the active site can 
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therefore have profound affects on the kinetics of a reaction while still catalyzing a 
similar reaction. 
Further Research 
Some features of the arginine and creatine kinases still need to be further 
elucidated, such as the functional significance of the dimeric state.  The occurrence of 
quaternary structure in the enzymes with are thought to evolutionarily be the youngest 
(creatine kinase and dimeric arginine kinase), suggests a significance to the dimeric state.  
However, to date no significance has been consistently described.  The catalytic 
efficiency of the enzyme does not seem to be affected by dimerization, nor does 
synergism seem to be a contributing factor.  Further research into this area may lead to a 
greater understanding of the importance of quaternary structure in not only the 
phosphagen kinase but other enzyme families as well. 
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